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1Resumen
RESUMEN
El ácido okadaico y sus análogos son toxinas que provocan el síndrome diarreico de
los mariscos (DSP) en las personas que consumen moluscos marinos contaminados con
estas toxinas. Los agentes causantes de estos episodios tóxicos son dinoflagelados del
género Dinophysis -ampliamente distribuidos en el mundo- cuyo perfil y contenido de
toxinas presenta una gran diversidad inter e intraespecífica. Las células de Dinophysis
son filtradas por los moluscos bivalvos, que actúan de vectores de las toxinas a niveles
superiores de la cadena trófica, incluidos los humanos. Los episodios de presencia de
toxinas DSP en los bivalvos (por encima del nivel de regulación), asociados a las
proliferaciones de Dinophysis spp. representan un riesgo para la salud pública y dan
lugar a prolongadas vedas de extracción de bivalvos con las consiguientes pérdidas
económicas para el sector.  En las Rías Baixas, segundo productor mundial de mejillón
(Mytilus galloprovincialis) de batea -producción anual superior a las 250000 t- los
episodios de toxinas DSP son los principales responsables de prolongadas vedas de las
áreas de cultivo.
Existen pocos estudios acerca de la variabilidad del perfil y contenido de toxinas
(toxinas DSP y pectenotoxinas) de Dinophysis spp. El objetivo de este trabajo de tesis
doctoral se centra en los dinoflagelados del género Dinophysis, agentes de episodios de
intoxicación diarreica en las Rías Baixas Gallegas, y la variabilidad temporal (circadiana,
estacional y anual) de las toxinas DSP (AO, DTX2) y pectenotoxinas (PTX2) que
componen su perfil de toxinas, tanto en las propias células como en las liberadas a la
columna de agua.
Durante el año 2005, se produjeron densas floraciones de D. acuta en otoño que
sucedieron a las de primavera-verano de D. acuminata, iniciadas de a proliferar en fechas
más tardías (a partir de mediados de junio) y con notoria concurrencia de distintas especies
de Dinophysis.
Los distintos escenarios en 2005-2006 permitieron realizar un estudio sistemático
de la variabilidad temporal -circadiana en D. acuta- estacional y anual del contenido
celular de toxinas en D. acuminata, D. acuta y D. caudata, así como de las toxinas liberadas
a la columna de agua y captadas con muestreadores pasivos.
Los resultados mostraron diferencias de hasta un orden de magnitud entre las
determinaciones de toxina por célula a partir de concentrados de plancton (más elevados)
y aquéllos a partir de células aisladas por micromanipulación. Se sugiere que estas
diferencias se deben a las toxinas adheridas a la materia orgánica asociada a los
concentrados de plancton.
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Los resultados de perfiles de toxina en D. acuta, en distintas escalas temporales,
sugieren una constancia del perfil de okadaiatos, pero no así de la proporción entre
okadaiatos y pectenotoxinas. Estas últimas mostraron un patrón de variabilidad distinto
durante los estudios de ciclo diurno. Así pues, la producción de los dos grupos de toxinas
lipofílicas estaría modulado de distinta forma.
Se caracterizó morfológica- y toxinológicamente una nueva especie de Dinophysis,
para las Rías Baixas Gallegas. El perfil y contenido por célula de toxina de D. ovum fue
similar al de D. acuminata. Por primera vez en Dinophysis spp. se aplicó la secuenciación
de genes mitocondriales para discriminar entre distintas especies de este género.
Se detectaron un diol-éster de ácido okadaico (OA-D8) y el PTX11, un isómero de
la PTX1, ambos en D. acuta, que constituían una pequeña proporción del AO y la PTX2
respectivamente, por lo que no alteran significativamente el perfil y contenido anual de
toxinas registrado. Estas toxinas sólo habían sido citadas hasta ahora en poblaciones de
D. acuta procedentes de Nueva Zelanda, aunque existen diferencias en cuanto a la
proporción de PTX11 entre ambas poblaciones, geográficamente distantes.
Las toxinas liberadas en el agua y adsorbidas por las resinas SPATT reflejaron bien
la dinámica poblacional de las diferentes especies de Dinophysis spp.: AO en primavera-
verano debido a la presencia de D. acuminata, y ocasionalmente, D. ovum; presencia de
DTX2, siempre en otoño, asociada con D. acuta y PTX2 en otoño asociada con D. acuta
y/o D. caudata. La PTX2 detectada ocasionalmente en primavera-verano se debió a la
proliferación de D. caudata.
La detección de la PTX2 en el agua cuando los niveles de D. caudata y/o D. acuta
eran prácticamente indetectables, sugiere que la dinámica de las toxinas en el agua está
influenciada por la variabilidad espacio-temporal de la materia orgánica resuspendida,
modulada a su vez por los procesos hidrodinámicos de otoño en las Rías.
El origen de las PTX2SA en el agua parece ser desconocido, aunque lo más probable
es que se deba a procesos enzimáticos propios de las células fitoplanctónicas durante el
proceso de decaimiento poblacional.
Se detectó un  isómero de la PTX11 durante una densa floración de D. acuta en
otoño. Se sospecha que pudiera tratarse de la PTX13, descrita en poblaciones de D. acuta
en Nueva Zelanda, o bien de nuevo isómero de la PTX11. En cualquier caso, su
concentración representó un bajísimo porcentaje (0.7%) del total de toxinas liberadas al
agua.
Por último, las resinas «alertaron» de la presencia de toxinas en el agua unas semanas
antes de que se impusiera la primera veda de extracción en el polígono de Bueu en 2006.
3Resumen
El momento de reapertura de extracción se dio antes de que el resultado de toxinas en las
resinas fuera negativo.
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INTRODUCCIÓN GENERAL
1. Floraciones Algales Nocivas, Mareas Rojas y Episodios de Fitoplancton Tóxico:
Definiciones
«Floraciones Algales Nocivas» (FAN, en inglés HAB = Harmful Algal Blooms), es
un término acuñado por la Comisión Oceanográfica Intergubernamental (COI) de la UNESCO
y adoptado internacionalmente para denominar cualquier proliferación de microalgas
(independientemente de su concentración) que es percibida por el hombre como un daño por
su impacto negativo en la salud pública, la acuicultura, el medio ambiente y las actividades
recreativas. Se trata, pues, de un término socio-económico, no basado en criterios científicos
sobre el tipo de microalgas que las configuran.
Las Mareas Rojas (o Mareas Vermellas o Purga de Mar en Galicia), son coloraciones
o manchas del agua de mar debido a la presencia de concentraciones elevadas (1 ó más millones
de células por litro) de microalgas planctónicas. El color, que depende de los pigmentos de la
microalga, puede ser verdoso, pardo, rojizo, naranja u otras tonalidades. En la mayor parte de
los casos, las mareas rojas están formadas por microoraganismos inocuos y no constituyen
ningún peligro para el ecosistema si se dan en zonas abiertas con buena circulación de agua. No
obstante, las mismas mareas rojas pueden resultar perjudiciales si se forman en bahías y ensenadas
confinadas con escasa circulación. Las elevadas biomasas de plancton, si no son consumidas ni
dispersadas, y sedimentan en el fondo, pueden dar lugar a putrefacciones y condiciones anóxicas
que afectan a los organismos bentónicos. Asimismo, estas biomasas pueden ir acompañadas
de secreción de mucílagos, cambios bruscos de niveles de oxígeno y pH, y constituyen un
riesgo para los cultivos de peces.
Algunas especies de microalgas producen potentes venenos o toxinas. Cuando estas
microalgas son filtradas por los mejillones y otros bivalvos, las toxinas se acumulan en sus
tejidos y se transmiten a niveles superiores de la red alimentaria y al hombre. Las toxinas suelen
ser tan potentes, que no se requieren elevadas concentraciones de microalgas, ni formación de
mareas rojas, para que los bivalvos se conviertan en no aptos para el consumo humano. A estas
proliferaciones, frecuentemente no acompañadas de producción de elevadas biomasas, las
denominaremos Episodios de Algas Tóxicas. Se producen así las tristemente célebres
Intoxicaciones por Bivalvos (Shellfish Poisoning), que en casos extremos pueden causar
hospitalizaciones e incluso pérdida de vidas humanas. Los bivalvos no son los únicos vectores
de toxinas microalgales. Otra posible vía de transmisión es la que, a través de pequeños peces
pelágicos planctívoros (sardinas, anchoas), alcanza a aves y mamíferos marinos y les causa
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intoxicaciones subletales o la muerte. Los grupos de toxinas más comunes en Europa y que se
registran habitualmente en la Península Ibérica son:
•   Toxinas de tipo paralizante (PSP = Paralytic Shellfish Poisoning), producidas por
dinoflagelados de los géneros Alexandrium, Gymnodinium y Pyrodinium
•  Toxinas lipofílicas (DSP = Diarrhetic Shellfish Poisoning), Pectenotoxinas y
Yesotoxinas). Las toxinas diarreicas y pectenotoxinas son producidas por
dinoflageladas del género Dinophysis y especies bentónicas del género Prorocentrum
y las yesotoxinas por Lingulodinium polyedrum, Protoceratium reticulatum y
Gonyaulax spinifera.
•  Toxinas de tipo amnésico (ASP = Amnesic Shellfish Poisoning), producidas por
diatomeas del género Pseudo-nitzschia.
Existen también floraciones microalgales ictiotóxicas, productoras de toxinas  que se
liberan al medio y causan mortandades de peces en cultivo y de fauna silvestre. La proliferación
de estas especies puede tener efectos devastadores en las granjas de peces mantenidos en
jaulas en el medio natural. Son muy conocidas las mortandades de salmónidos y otros peces
cultivados causadas por floraciones de pequeñas flageladas rafidofíceas tales como Heterosigma
akashiwo (Honjo 1993) (conocidas en Chile como «marea café») y varias especies del género
Chattonella (e.g. Backe-Hansen et al. 2001)
Por último, si bien no se trata de fitoplancton, hay que mencionar que existen FAN causadas
por microalgas bentónicas, que viven adheridas a macroalgas (epífitas) o a otro tipo de substratos.
Las más conocidas son las causantes de un envenenamiento  por consumo de peces llamado
Ciguatera (CFP = Ciguatera Fish Poisoning) que es un síndrome endémico en regiones
tropicales y subtropicales, pues las especies causantes (Gambierdiscus spp.) viven asociadas
a los arrecifes de coral y se trasmiten, a través de pequeños peces herbívoros, a peces
comestibles de mayor tamaño (barracudas y otros). Otras FAN que están cobrando una inusitada
actualidad en las playas del Mediterráneo occidental, son las floraciones de microalgas bentónicas
(Ostreopsis spp.) (Vila et al. 2001, Aligizaki & Nikolaidis 2006, Ciminiello et al. 2006) cuyas
toxinas se sospecha son liberadas al agua de mar, pasan al aerosol marino y causan irritaciones
de la vías respiratorias y la piel de los bañistas. Los dinoflagelados bentónicos del género
Prorocentrum spp. también producen toxinas DSP aunque raramente se asocian con episodios
tóxicos de mariscos. Sólo existen dos casos, citados para el NE del Atlántico -ambos con
niveles bajos de DSP-: uno en Canadá (Levasseur et al. 2003) y otro recientemente en USA
(Maranda et al. 2007), en los que se ha identificado a P. lima como el responsable de la
contaminación de los bivalvos. Ningún caso similar ha sido citado hasta la fecha para la Península
Ibérica (Reguera et al. en prensa).
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Las especies epífitas del género Prorocentrum son fácilmente cultivables, razón por la
que han sido utilizadas como organismos modelo en estudios de producción y efectos fisiológicos
de toxinas DSP. Sus cultivos masivos se han dasarrollado para la producción de estándares de
okadaatos, imprescindibles para las labores de identificación y cuantificación en los programas
de seguimiento de toxinas.
Tras lo expuesto, podemos hacer una clasificación de las FAN que afectan a los países de
la Unión Europea y de la Península Ibérica basada en los daños que ocasionan, en:
1.   Floraciones algales no tóxicas de elevada biomasa;
2.   Floraciones productoras de toxinas que se transfieren a través de la cadena trófica;
3.   Floraciones algales ictiotóxicas;
4.   Floraciones de microalgas productoras de toxinas que se transfieren a través
    del aerosol marino y causan irritaciones.
Hay que señalar que algunas FAN causan múltiples efectos nocivos y pueden, por tanto,
pertenecer a más de un tipo de la clasificación anterior. El ejemplo más notorio lo constituyen
las floraciones de la dinoflagelada Karenia brevis en el Golfo de México: transfieren toxinas
neurotóxicas (NSP) a través de la cadena trófica, causando incluso la muerte de mamíferos
marinos; sus elevadas biomasas causan muertes masivas de organismos de fondo y además sus
toxinas se transfieren al aerosol marino y causan irritaciones a los bañistas. En otras partes del
mundo las floraciones de Karenia spp. aparecen esporádicamente con efectos tóxicos agudos
(mortandad de equinodermos, moluscos y peces) y alcanzan grandes extensiones geográficas.
Tal fue el caso de una «marea café» provocada por el dinoflagelado Karenia sp. (=
Gymnodinium) - más tarde identificada como K. selliformis mediante técnicas moleculares
(Guillou et al. 2002) - que afectó el sur de Chile (42ºS) (Clément et al. 2001) y que pudiera
ser la misma especie observada unas semanas después en la región austral (50-53ºS) (Uribe &
Ruiz 2001).
El trabajo de esta tesis doctoral se centra en los dinoflagelados del género
Dinophysis, agentes de episodios de intoxicación diarreica en las Rías Baixas Gallegas.
Se trata, pues, de especies que contienen toxinas que se transfieren a través de la
cadena trófica y que convierten a los mejillones y otros bivalvos en «no aptos para el
consumo» a concentraciones moderadas-bajas (102 – 104 células  l-1) que no causan
mareas rojas o discoloraciones del agua de mar.
2. Una historia que se inició hace más de 30 años
En los años 1961, 1971 y 1976 tuvieron lugar intensos episodios de intoxicación diarreica
por consumo de bivalvos en los Países Bajos. Descartado el origen bacteriano del síndrome, se
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identificó erróneamente al dinoflagelado Prorocentrum micans -especie dominante en el
fitoplancton en los muestreos asociados al evento- como el agente causal (Kat 1979). A finales
de la misma década, un grupo japonés confirmó y describió el efecto diarreogénico de bivalvos
expuestos a poblaciones de plancton ricas en Dinophysis spp., e identificó a D. fortii como
probable agente del síndrome tóxico ocurrido previamente en Japón en junio de 1976 y 1977
(Yasumoto et al. 1978, 1980). Posteriormente, D. acuminata fue señalada como otra posible
fuente de AO en Japón y probable causante - debido a su relativa predominancia sobre D.
fortii- de un episodio DSP por consumo de mejillones (Mytilus edulis) registrado en 1981
(Yasumoto et al. 1985).
Tras los hallazgos de los japoneses, proliferaron los informes de nuevas citas de toxinas
diarreogénicas descritas a partir de muestras de moluscos intoxicados, y se confirmó su asociación
con las proliferaciones de distintas especies de Dinophysis. Las dinophysistoxinas (DTXs),
derivados del AO, así como los acyl-derivados del AO y las DTXs, se detectaron por primera
vez en Japón (Murata et al. 1982, Yasumoto et al. 1985). En este mismo país se describió un
nuevo grupo de toxinas, las pectenotoxinas (PTXs), detectadas en bivalvos pectínidos
(Patinopecten yessoensis), de donde deriva el nombre de la toxina (Yasumoto et al. 1985,
Murata et al. 1986).
Cabe resaltar que, previo a los hechos ocurridos en 1976 y 1977 en Japón, más de 100
personas sufrieron severos trastornos gastrointestinales en los años 1970 y 1971, debido al
consumo de mejillones (Aulacomya ater) procedentes del Seno de Reloncaví en el sur de
Chile (Guzmán & Campodónico 1975). Hermosilla, citado consecutivamente por Guzmán &
Campodónico (1975), Avaria (1979) y Lembeye et al. (1993), fue probablemente el primero
en asociar este tipo de intoxicación a una densa floración de Dinophysis spp., pero sus
observaciones no se citaron en foros internacionales hasta el trabajo de Avaria (1979).
3. Toxinas del complejo DSP y organismos asociados a su aparición
Los trabajos originales de los autores japoneses (Yasumoto et al. 1984) establecieron
que el complejo de toxinas DSP estaba constituido por tres grupos de toxinas:
•   El ácido okadaico y sus derivados, las dinophysistoxinas (Okadaatos, OAs)
•   Las yesotoxinas (YTXs)
•   Las pectenotoxinas (PTXs)
Los dinoflagelados del género Dinophysis, ampliamente distribuidos en mares templados,
subtropicales y tropicales, están asociados a la producción de dos grupos de ficotoxinas
polietéreas, de carácter lipofílico, que se diferencian por su estructura molecular y sus efectos
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biológicos: i) Los okadaatos - ácido okadaico (AO), dinofisistoxinas (DTXs) y diol-ésteres -
con efecto diarreogénico (Yasumoto et al. 1980, Murata et al. 1982, Hu et al. 1995a) y ii)
Las pectenotoxinas (PTXs), que son hepatotóxicas (Terao et al. 1986).
El efecto diarreogénico (agudo) de los okadaatos, conocido como «Envenenamiento
Diarreico por Bivalvos» (DSP=Diarrhetic Shellfish Poisoning) se debe a que estas substancias
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Figura 1. Ácido okadaico y derivados que conforman el complejo de toxinas DSP
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son potentes inhibidores de las proteín- fosfatasas PP1 y PP2A (Cohen et al. 1990). Además,
estas toxinas se han relacionado con otros efectos crónicos, a largo plazo, de promoción de
tumores (Fujiki et al. 1989 ). Las formas moleculares de estas toxinas y derivados se presenta
en la Figura 1.
El procedimiento habitual para identificar de forma inequívoca los agentes de eventos
tóxicos consiste en establecer cultivos monoalgales de la especie bajo sospecha, y analizar
extractos de los mismos. Ante la imposibilidad de establecer cultivos de Dinophysis, la puesta
a punto de técnicas muy sensibles de cromatografía líquida (LC) (Lee et al. 1987) permitió
realizar análisis de toxinas lipofílicas en muestras constituidas por varios cientos de células de
Dinophysis, aisladas por micromanipulación, procedentes de aguas europeas y Japón (Lee et
al. 1989). Paralelamente, se describieron los acyl-derivados de AO y DTXs en moluscos
tóxicos (Yasumoto et al. 1985), y se descubrió que eran producto de la acilación enzimática
del AO y la DTX1 en el hepatopáncreas de las vieiras (Lee et al. 1989). Se describieron las
PTXs en pectínidos japoneses (Yasumoto et al. 1985, Murata et al. 1986) y se confirmó la
presencia de PTX2 en Dinophysis, pero tan sólo en ejemplares de Dinophysis fortii de Japón
(Lee et al. 1989).
Hasta la fecha, se ha confirmado el contenido de okadaatos y/o pectenotoxinas en 11
especies de Dinophysis (Reguera & Pizarro 2008). No hay que olvidar que existe también una
considerable lista de especies epífitas del género Prorocentrum, confirmadas –a partir de
cultivos de laboratorio- como productoras de okadaaatos (Moestrup 2004). El papel de estas
últimas en el desarrollo de eventos DSP puede ser relevante en zonas someras de cultivo de
bivalvos (Maranda et al. 2007), o en localidades sometidas a regímenes hidrográficos muy
turbulentos que permiten la resuspensión de microalgas adheridas a sustratos diversos (Lawrence
et al. 2000).
Las yesotoxinas (YTXs), descritas tras su aislamiento a partir de tejidos contaminados de
vieiras japonesas (Patinopecten
yessoensis) (Murata et al. 1987), son
un grupo de toxinas polietéreas,
lipofílicas, de posibles efectos
cardiotóxicos (Terao et al. 1990). No
obstante, no fue hasta 10 años más tarde
que se identificó a los dinoflagelados
Protoceratium reticulatum (en cultivos
provenientes de Nueva Zelanda)
(Satake et al. 1997) y Lingulodinium
polyedrum presente en el fitoplancton
del Mar Adriático (Tubaro et al. 1998)
Figura 2. YTXs, producidas por las
especies Lingulodinium polyedrum,
Protoceratium reticulatum y
Gonyaulax spinifera
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como los agentes productores de estas toxinas. Posteriormente las mismas especies fueron
asociadas a la producción de YTXs en otras partes del mundo (MacKenzie et al. 1998, Satake
et al. 1999, Paz et al. 2004, Arévalo et al. 2006). Recientemente se ha citado la producción
de YTXs en cultivos de Gonyaulax spinifera (Rhodes et al. 2006) y es previsible que la lista
de especies productoras aumente en años venideros. En la Figura 2 se presenta la estructura
molecular de las YTXs.
Las PTXs son poliéteres cíclicos, lipofílicos, de efectos hepatotóxicos (Terao et al. 1986,
1993). Con certeza se conoce que las PTX2 y PTX11 son tóxicas (LD50 = 219  and 244 µg
kg-1, respectivamente) mientras que la PTX2SA y 7-epi-PTX2SA no lo son (Miles et al. 2004a,
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Suzuki et al. 2006). Una dosis letal mínima de PTX2 (192 mg kg-1) administrada
intraperitonealmente en ratón, produce encorvamiento y letargo, subsecuentemente la respiración
se torna dificultosa y progresivamente lenta hasta que mueren.  Las PTX2, PTX11 y PTX12
son toxinas sintetizads por las algas, mientras que la las PTXs SA, PTX1, PTX3 y PTX6 son
productos  de transformación enzimática de la PTX2 en mariscos  (Yasumoto et al. 1989,
Suzuki et al. 1998, Miles et al. 2004a, ). En la Figura 3 se presenta la estructura molecular de
las PTXs.
La PTX12 fue encontrada en D. acuta, D. acuminata y D. norvegica procedentes de
Noruega. La  PTX13 y  PTX14 fueron encontradas en D. acuta de Nueva Zelanda, aunque la
última puede ser un producto de transformación del PTX13 durante la manipulación de las
muestras (Miles et al.2004a, 2006).
Ni las YTXs, ni las PTX2 y PTX2SA, son tóxicas al ser administradas vía oral en ratones
(Aune et al. 2002, Miles et al. 2004a). Por esta razón se cuestiona incluír estas toxinas en las
normativas regulatorias de mariscos contaminados de ficotoxinas. No obstante, no se dispone
apenas de información sobre sus efectos crónicos.
4. El antiguo y el moderno concepto de toxinas DSP
Tradicionalmente se incluían las toxinas diarreogénicas propiamente dichas (AO y DTXs),
las PTXs y las YTXs en el mismo complejo denominado DSP (Yasumoto et al. 1984, Yasumoto
et al. 1987). La inclusión original de los tres tipos de toxinas bajo la misma denominación
(toxinas diarreicas) se explica por varias causas:
•   Los okadaatos (AO+DTXs), las PTXs y las YTXs son todas ellas toxinas lipofílicas,
es decir, presentan una afinidad similar por los solventes apolares utilizados para su
extracción del fitoplancton y moluscos;
•  El AO, las DTXs y las PTXs pueden ser producidos por una misma especie de
Dinophysis. Es frecuente la concurrencia, en muestras de campo, de especies
productoras de okadaatos y pectenotoxinas (Dinophysis spp.), y de especies
productoras de YTXs (P. reticulatum y L. polyedrum), por lo que no es inusual
encontrar una mezcla de los tres grupos de toxinas en un mismo extracto de bivalvos
(MacKenzie et al. 2002).
•  Los extractos de bivalvos con mezcla de los tres tipos de toxinas, inyectados en el
ratón por vía intraperitoneal según el bioensayo estándar, dan una  respuesta global
inespecífica, sin distinguir entre okadaatos, PTXS y/o YTXs.
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Por todo ello, el efecto biológico de yesotoxinas y pectenotoxinas se vió con frecuencia
enmascarado por el efecto diarreogénico, más obvio, de los okadaatos concurrentes. Asimismo,
se culpó a las YTXs y PTXs de efectos diarreogénicos causados por la presencia minoritaria
de okadaatos concurrentes en la muestra. En Nueva Zelanda (MacKenzie et al. 2002) y en las
Rías Altas Gallegas (Arévalo et al. 2003), se han observado episodios de toxicidad en los
moluscos, con mezcla de estos tres grupos de toxinas. Sin embargo, la complejidad del perfil
de toxinas en los bivalvos puede ser aún mayor en lugares en los que concurren otro tipo de
toxinas lipofílicas -tales como los azaspirácidos (AZPs) y los espirólidos (SPXs)- con los OAs,
PTXs y YTXs. Tal ha sido el caso en Irlanda (James et al. 2002), Francia y España (Braña-
Magdalena et al. 2003). La presencia de AZPs también ha sido citada en moluscos portugueses
(Vale 2004b), y la concurrencia de AZP y espirólidos, en mejillones gallegos (Villar-González
et al. 2006), si bien las concentraciones de toxinas en Portugal y España no han sobrepasado
los niveles de regulación.
Hoy día se ha hecho una nueva clasificación sobre la base de sus efectos biológicos y se
han excluído las yesotoxinas y las pectenotoxinas del complejo DSP por no tener efectos
diarreogénicos (Ogino et al. 1997, FAO/IOC/WHO 2004). Los tres grupos de toxinas aparecen
regulados por separado en la última modificación de las Directivas Europeas para el control de
toxinas en los bivalvos comerciales (European Commission 2005).
5. Episodios de DSP y de otras toxinas lipofílicas en Galicia
Las Rías Gallegas son escenario de episodios crónicos de DSP asociados a proliferaciones
de dinoflagelados del género Dinophysis.
En las Rías Altas, el par D. acuminata-D. sacculus causa pulsos intermitentes de presencia
de toxinas DSP, por encima del nivel de regulación, entre primavera y otoño. En las Rías
Baixas, D. acuminata constituye la principal amenaza para la explotación de especies
comerciales de bivalvos. Las proliferaciones de esta especie pueden ser muy persistentes y
causar cierres de hasta 10 meses de duración en los años más desafortunados (Arévalo et al.
1995). El par D. acuta-D. caudata se asocia con eventos DSP -de finales de verano-otoño-
más localizados en el tiempo.
Las especies asociadas a la presencia de espirólidos en los bivalvos son Alexandrium
ostenfeldii (Cembella et al. 2000) y A. peruvianum (Franco et al. 2006). A. ostenfeldii ha
sido detectada en bajas concentraciones y esporádicamente en la costa gallega (Fraga & Sánchez
1985). A. peruvianum se relacionó con la presencia de espirólidos en mejillones de la costa
catalana y el cultivo de cepas locales de esta especie confirmó que era productora de espirólidos
(Franco et al. 2006). No obstante, hasta la fecha, A. peruvianum no aparece en la lista de
especies potencialmente tóxicas de la costa gallega.
G. Pizarro14
6. Bajo, moderado o alto número de células?
Actualmente se conoce la alta capacidad toxigénica de las especies del género Dinophysis,
que con frecuencia representan tan sólo una pequeña fracción (1-5%) de la población
fitoplanctónica total (Reguera & Pizarro 2008). No obstante, concentraciones de 200 células
de Dinophysis sp. por litro pueden ser suficientes para conferir niveles de toxinas a los bivalvos
por encima del nivel de regulación (Yasumoto et al. 1985).
Por ello, el concepto de concentración alta, moderada o baja, en el caso de especies del
género Dinophysis, debe seguir criterios distintos a los aplicados a otras especies de
dinoflagelados tóxicos. Así pues, hablaremos de concentraciones altas, o incluso de «blooms»
para valores superiores a 103 células l-1, de concentraciones moderadas para valores de 102-
103, y de concentraciones bajas para los valores inferiores a 102 células l-1.
Estos criterios son también tenidos en cuenta en los programas de seguimiento. La necesidad
de detectar concentraciones celulares inferiores a 102 células l-1 requiere el contaje de células
presentes en todo el fondo de las cámaras de sedimentación empleadas para la técnica de
recuento de Utermöhl. Las observaciones de los contajes, con niveles de detección de 20-40
células l-1, se complementan con muestreos de red de plancton, o incluso con concentrados de
altos volúmenes de agua, tomados con bomba, que permiten la detección precoz de poblaciones
iniciales.
7. Sinergia: métodos sensibles para la detección de toxinas en moluscos y
fitoplancton y estrategias de muetreo  de microalgas
Dada la dificultad de obtener cultivos estables de Dinophysis spp., la identificación
inequívoca de los agentes de episodios DSP requirió el desarrollo de nuevas técnicas, muy
sensibles, de detección de toxinas, la recolección de rangos de talla (mediante redes superpuestas)
de microalgas durante floraciones quasi monosespecíficas, y/o el aislamiento por microcapilaridad
de células a partir de poblaciones naturales.
El desarrollo del método de la cromatografía líquida con detector de fluorescencia (CL-
FLD) (Lee et al. 1987) permitió el análisis químico de muestras compuestas por varios cientos
de células. Los primeros resultados mostraron que el AO y/o la DTX1 eran los principales
componentes del perfil de toxinas DSP en Dinophysis spp. -tan sólo D. fortii (poblaciones
japonesas) contenía PTXs- y que había grandes diferencias en el contenido de toxina por
célula, aún si se trataba de la misma especie en la misma localidad.
Los primeros análisis de toxinas lipofílicas en moluscos europeos mediante CL condujeron
a la conclusión de que el AO era la principal -o incluso la única- toxina asociada con las
proliferaciones de Dinophysis (Kumagai et al. 1986). Por ello, llegó a ser una práctica rutinaria
el comparar, calibrar o incluso tratar de reemplazar los resultados obtenidos mediante bioensayo
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de ratón (µg equiv. AO g-1 HP) con los de los análisis de AO obtenidos por CL en los que esta
toxina era la única cuya presencia se exploraba (Marcaillou-Le Baut & Masselin 1990). Sin
embargo, las discrepancias entre los dos métodos condujeron a los expertos a sospechar de la
presencia de otras toxinas DSP en los moluscos. La carencia de estándares comerciales distintos
del AO, retrasó la resolución de las incertidumbres encontradas. Finalmente, se detectó un
nuevo derivado del AO, la DTX2, en moluscos irlandeses (James et al. 1998).
A partir de la última década, con el desarrollo de detectores más específicos, tales como
los espectrómetros de masa acoplados a los cromatógrafos líquidos (CL-EM), se ha logrado
un marcado avance en la detección y confirmación de toxinas de lipofílicas (DSP y otras) con
un alto grado de certeza en los tres tipos de muestras: moluscos, arrastres de fitoplancton y
células aisladas por micromanipulación (e.g. Fernández-Puente et al. 2004, Miles et al. 2004,
Fernández et al. 2006). La sensibilidad del método y la identificación de compuestos en base
al tiempo de retención y/o fragmentación de moléculas parentales e hijas, permite la detección
de toxinas a partir de una pequeña alícuota (ml) de extracto metanólico de una cantidad (g) de
homogenizado de moluscos o de unas pocas decenas (o incluso unidades) de células de
Dinophysis. El desarrollo de protocolos simples y de uso rutinario en la limpieza de muestras,
y la diversidad de modelos, marcas y costes de los equipos de CL-EM, han hecho que hoy en
día esta herramienta sea de uso frecuente en la confirmación y cuantificación de toxinas de
diverso tipo en los programas de seguimiento (monitoreo) de toxinas, especialmente en aquéllos
países con fuerte oposición – por motivos éticos - al uso de ratones para experimentación de
laboratorio.
8. Variabilidad en el perfil y contenido de toxina: factores a considerar
La variabilidad en el perfil y contenido de toxinas por célula de las microalgas tóxicas son
importantes factores a considerar para los cálculos y/o modelado de las tasas de intoxicación y
detoxificación de toxinas en los bivalvos (Blanco et al. 1995, Moroño et al. 2003). En estudios
realizados con cultivos de laboratorio se ha visto que, en general, la variabilidad  del contenido
celular de toxinas en dinoflagelados está relacionado con las diferentes fases del crecimiento
celular y poblacional, en interacción con las condiciones ambientales (fotoperíodo, estado
nutricional, salinidad, temperatura, situaciones de estrés) (Anderson et al. 1990, Taroncher-
Oldenburg et al. 1997, Pan et al. 1999). El rango detectado en el contenido de toxina celular
puede oscilar desde trazas hasta decenas o incluso centenas de pg por célula (Lee et al. 1989,
Johansson et al. 1996, Suzuki et al. 1997, James et al. 1999, Fernández et al. 2001, MacKenzie
et al. 2005). Sin embargo, el conocimiento y la respuesta a interrogantes en torno a la ecofisiología
y producción de toxinas en las microalgas del género Dinophysis se han visto dificultados
fundamentalmente por la imposibilidad de disponer de cultivos estables de laboratorio.
A continuación se resumen algunos factores importantes a considerar por su efecto en el
contenido celular de toxinas microalgales y/o en la estimación de toxina por célula de Dinophysis.
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8.1 Ciclo poblacional y celular
La tasa de producción de toxinas parece ser un proceso no estrechamente ligado a la
división celular de las microalgas. En muestras de D. acuta de la Ría de Vigo, mantenidos en el
laboratorio, el contenido de toxina celular aumentó (5 veces) después de cuatro días de
incubación (Fernández et al. 2001) sin que se observara una variación significativa de la
concentración de células. Proctor et al. (1975) en cultivos de Alexandrium catenella
(=Gonyaulax catenella) y Ogata et al. (1987) en cultivos de A. tamarense (=Protogonyaulax
tamarense) sugirieron que existía una relación inversa entre la tasa de división y la tasa de
producción de toxina intracelular. Sin embargo, Anderson et al. (1990) no encontró esta relación
en cultivos de las especies productoras de toxinas A. fundyense, A. tamarense y Alexandrium
sp. ni durante el ciclo celular ni en las distintas fases del crecimiento poblacional. Para explicar
tales discrepancias, los mismos autores sugirieron un desacoplamiento entre la tasa de producción
neta de toxinas – resultante de procesos de síntesis, catabolismo, liberación al medio- y la tasa
de división celular –con su efecto de dilución de la toxina entre las células hijas. Así, un bajo
contenido de toxina por célula podría deberse al efecto de dilución por una tasa de división alta
y no necesariamente a una baja tasa de síntesis de toxina. Contrariamente, una tasa de división
lenta -como la que se observa en la fase exponencial tardía o incluso nula  en la fase estacionaria-
conduciría a la acumulación de toxinas. Así pues, un importante factor que determina la
acumulación celular de toxinas es el equilibrio (o desacoplamiento) entre la tasa de producción
de toxinas y la tasa de división celular (Flynn & Flynn 1995).
8.2 Ciclo luz/oscuridad
No existen resultados, disponibles en la literatura, que establezcan las relaciones entre
contenido de toxina, ciclo celular y fotoperíodo en Dinophysis spp. Lo poco que se conoce al
respecto es a partir de otras especies de dinoflagelados cultivables. De esta forma, se encontró
que la producción de toxinas es inducida por la luz en A. fundyense (productora de PSP),
mientras que en Prorocentrum lima tiene lugar durante determinadas fases del ciclo celular. En
A. fundyense la síntesis de toxinas tiene lugar en la fase G1 (periodo de crecimiento de la célula
tras la mitosis) (Taroncher-Oldenburg et al. 1997) mientras que en P. lima se inicia en la fase
G1 y persiste durante la fase S (fase de síntesis del ADN) hasta la fase G2 (periodo premitótico)
(Pan et al. 1999). En este último caso, la síntesis de toxinas (con un fotoperiodo L:O de
14:10), se inició con producción de DTX4 (precursor de los okadaatos) en la fase G1 temprana
(primeras 7 h de luz) que persistió hasta la fase S, mientras que el aumento de AO y DTX1
ocurrió en las fases S y G2 (7 a 14 h tras inicio de la fase de luz). El incremento de la cuota
celular de DTX4 precedió al incremento de cuota celular de AO y DTX1. Tanto en P. lima
como en A. fundyense la citocinesis ocurrió durante el periodo oscuro, no detectándose
producción de toxina en esta fase.
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8.3 Biogeografía y variabilidad genética
Otro factor de variabilidad inter-intraespecífica en el perfil y contenido de toxinas de
Dinophysis es la variabilidad genética –poblaciones muy tóxicas o débilmente tóxicas- y/o la
distribución geográfica, vale decir, diferente expresión genética frente a distintas condiciones
geográficas y/o especiación. Así pues, D. acuta, uno de los principales agentes de DSP en
Nueva Zelanda, Galicia e Irlanda, presenta un perfil de toxinas con predominancia de DTX2,
seguida de AO y PTX2  en Irlanda (Fernández-Puente et al. 2004). En las poblaciones de
Nueva Zelanda predominan las PTXs (PTX2, PTX11) (MacKenzie et al. 2005). La misma
especie presenta predominancia de AO seguido de DTX2 y PTX2 en España (Fernández et
al. 2001, 2003) y Portugal (Vale 2004a) mientras que en los países escandinavos la DTX1
parece sustituir a la DTX2 (Lee et al. 1989, Johansson et al. 1996). A las diferencias en los
perfiles de toxinas se añade que una misma especie puede resultar aparentemente poco tóxica
en ciertas partes del mundo, como es el caso de D. acuminata en la costa NE de USA
(Maranda & Shimizu 1987) y constituir la principal fuente de okadaatos en otras, tal como
ocurre en Europa y Nueva Zelanda (Lee et al. 1989, Fernández et al. 2001, MacKenzie et al.
2005). Curiosamente las cepas de D. acuminata del norte de Chile (27º S) sólo contienen
PTX2 en cantidades detectables (Blanco et al. 2006) y se desconoce el perfil de las cepas
distribuidas en la región sur-austral entre los 41 y 53ºS. En esta región del mundo, D. acuminata,
prolifera frecuentemente en primavera (septiembre-diciembre) y ha sido asociada a la detección
de DTX1 en mejillones tóxicos (Mytilus chilensis) en el extremo austral (53ºS) (Uribe et al.
2001). Previamente, en el área de Puerto Aguirre (45ºS), la detección de OA y DTX1 (Zhao et
al. 1993) en M. chilensis había sido asociada a la presencia de D. acuta en el área de estudio
(Lembeye et al. 1993).
Ante tanta diversidad de respuestas ambientales de los perfiles de toxinas así como de
variedad de morfotipos de las especies causantes de Dinophysis, la biología molecular puede
proveer de herramientas que permitan mejorar o confirmar la identificación de organismos en
laboratorio así como en muestras ambientales, subsanar posibles errores de identificación e
incluso establecer diferencias intraespecíficas. Debido a las dificultades encontradas para
establecer especies de Dinophysis en cultivo, se han empleado técnicas muy sensibles de
amplificación de DNA a partir de células individuales (Marín et al. 2001a, Marín et al. 2001b,
Edvardsen et al. 2003, Kai et al. 2006, Hart et al. 2007). Recientemente estas técnicas han
generado secuencias para un rango de especies de Dinophysis (Rehnstam-Holm et al. 2002,
Edvardsen et al. 2003, Hart et al. 2007) y se ha establecido una base de datos importante
para estudios filogenéticos que pueden ser aplicados en mejorar el estatus taxonómico de las
especies involucradas. No obstante, las diferencias inter-específicas entre secuencias de
porciones del DNA ribosomal e ITSs (ITS1 e ITS2) encontradas en Dinophysis spp. son
mínimas, lo que ha empujado a los biólogos moleculares a explorar otras partes del genoma
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para la discriminación de especies de este género tales, como la secuencia de enzimas
mitocondriales (Zhang et al. 2008, Cap. 3 de esta tesis).
8.4  Diol-ésteres del AO y DTXs
Los cultivos de especies bentónicas de Prorocentrum, productoras de okadaatos, se
han utilizaron como alternativa ante la falta de disponibilidad de cultivos de Dinophysis spp.
En la década de los 90 se descubrió el diol-éster sulfatado DTX4 y sus derivados, los
diol-ésteres no sulfatados -precursores intracelulares del OA - a partir de cultivos de P. lima
(Hu et al. 1995a). Las DTX5a y b se describieron a partir de cultivos de P. maculosum (Hu et
al. 1995b). Estos autores sugirieron que la compartimentalización de estas moléculas precursoras
del AO y menos tóxicas que sus derivados, constituía una estrategia para evitar la autotoxicidad
celular. Recientemente se describió el diol-ester sulfatado DTX5c a partir de cultivos de P.
belizeanum (Cruz et al. 2006).
Varios autores establecieron que la transformación enzimática de la forma sulfatada DTX4,
a diol-ésteres ocurría en cuestión de minutos, en tanto que la de dioléster a AO era más lenta,
y requería horas (Quilliam et al. 1996, Suzuki et al. 2004). Estas transformaciones representaban
un problema en la determinación de toxinas celulares, pues podían tener lugar fácilmente durante
la manipulación de las muestras. Por esta razón, Quilliam et al. (1996) propusieron un tratamiento
de la muestra previo a los análisis, que consiste en inhibir la actividad enzimática de las esterasas
intracelulares mediante una ebullición de los concentrados de fitoplancton. Moroño et al. (2003)
aplicaron este protocolo en muestras de fitoplancton de las Rías Baixas con predominancia de
D. acuminata y sugirieron la presencia de formas complejas del AO. Posteriormente, se identificó
un diol-ester no sulfatado del AO, el OA-D8, en poblaciones de Dinophysis acuta de Nueva
Zelanda (Suzuki et al. 2004), pero la forma sulfatada de este diol-éster no ha sido detectada
hasta la fecha. Tampoco ha sido descrita aún ninguna forma esterificada en células de D.
acuminata.
8.5  Aporte de toxinas por especies heterotrófas
Estudios recientes mostraron la detección de AO y PTX2 en células de especies heterotrófas
-del género Protoperidinium- aisladas por micromanipulación. Se observó al microscopio
que Protoperidinium predaba sobre células de Dinophysis spp. (Miles et al. 2004b). Estos
autores encontraron cantidades significativas (> 4.0 pg cél-l) de AO en P. divergens y de PTX2
en P. divergens y P. crassipes, así como cantidades menores (< 0.8 pg cél-l) de AO y PTX2 en
P. depressum. Estos resultados sugieren la transferencia de toxinas a través de especies
heterótrofas, y pueden conducir a sobreestimaciones del contenido de toxina por célula de
Dinophysis en concentrados de fitoplancton multiespecíficos que contengan Protoperidinium
spp. Asímismo, plantea dudas sobre el origen –producción de novo o predación- de las toxinas
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DSP detectadas en especies heterótrofas de Dinophysis. Tal podría ser el caso de D. rotundata
o de los azaspirácidos en P. crassipes.
8.6  Toxinas como materia orgánica disuelta y/o en suspensión
El aporte de toxinas lipofílicas por parte de material orgánico inespecífico (materia orgánica
disuelta, suspendida o en sedimentación como paquetes fecales de copépodos y bivalvos,
detritus), es otro factor importante a considerar en los episodios tóxicos de moluscos y en la
interpretación de resultados sobre contenido de toxina por célula de Dinophysis.
Existen evidencias que apoyan esta posición. En un estudio realizado en el mar del Norte,
Klöpper et al. (2003) atribuyeron a la fase de declive de D. acuminata y a detritus la
prolongación de la toxicidad en mejillones hasta 3 semanas después de la desaparición de la
floración. A su vez, Kuuppo et al. (2006), mediante el uso de trampas de sedimentación en un
estudio realizado en el Báltico, encontraron que en la materia orgánica sedimentada, los paquetes
fecales (y no las células de Dinophysis) constituían la principal fuente de PTX2 y DTX1, si bien
sugirieron que la mayor parte de las toxinas (> 98%) eran transformadas en la columna de agua
o transferidas a niveles tróficos superiores de la cadena planctónica.
No existen balances de este tipo calculados para las Rías Baixas. En ellos habría que
tener en cuenta el enorme aporte de materia orgánica que suponen las heces y pseudoheces de
mejillón de batea. Los paquetes fecales de copépodos representan una fracción pequeña de la
del material que sedimenta en la Ría de Pontevedra y además parecen tener un rol poco
importante en el transporte de toxinas DSP a través de la cadena alimentaria (Maneiro et al.
2002), aunque podrían ser importantes los paquetes fecales de otros grupos del microzooplancton
como los tintínidos (Maneiro et al. 2000). Otra fuente de materia orgánica detrítica a considerar
podría provenir de la resuspensión de sedimentos de la plataforma, exportados de las rías por
procesos de advección (Varela et al. 2004) y reintroducidos en las mismas durante procesos
de afloramientos de otoño (Fraga & Bakun 1993, Alvarez et al. 1996) o bien, por resuspensión
vertical –incluidos el efecto de temporales intensos además de los afloramientos- de materia
orgánica sedimentada en las rías, la cual es favorecida por los procesos de hundimiento (Álvarez
et al. 1996, Varela et al. 2004).
9. Toxinas disueltas en el agua y su permanencia en el medio
Un hecho importante es que las toxinas polietéreas parecen no estar confinadas a la célula,
sino que pueden estar disueltas en el agua en cantidades siginificativas durante los floraciones
de Dinophysis (MacKenzie et al., 2004). En cultivos de laboratorio de P. reticulatum, la
concentración de toxina en el medio va en aumento mientras la población crece hasta llegar a la
fase estacionaria; cuando la población decae (fase de descenso exponencial), la concentración
de toxina en el medio alcanza su máximo (Paz et al. 2004).
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En cultivos de pequeña escala (en cubetas de poliestireno para espectrofotómetro) de
Thalassiosira weissflogii, Isochrysis galbana, Pavlova lutheri y Prorocentrum minimum,
se observó que la presencia de toxinas DSP (AO y/o DTX1) en el medio inhibía el crecimiento
de estas microalgas (Windust et al. 1996), lo que sugiriere un efecto alelopático de estas
toxinas. En otros estudios realizados con cultivos del dinoflagelado epibéntico P. lima, se observó
una significativa excreción de AO al medio (hasta un 20% en la fase exponencial temprana) y
una predominancia del DTX4 intracelular (Quilliam et al. 1996), mientras Raush de Traunberbeg
& Morlaix (1995) observaron que entre 19-29% del AO total se encontraba disuelto en el
medio durante el ciclo celular de la misma especie. La turbulencia también ha sido señalada
como un factor que estimula la liberación de toxinas al medio (Pan et al. 1999).
Algunos autores han sugerido la hipótesis de que las toxinas liberadas por los dinoflagelados
son utilizadas como una señal química, a modo de feromonas, para facilitar el encuentro entre
gametos y el intercambio de material genético entre distintas poblaciones (Wyatt & Jenkinson
1997). Recientemente, la densidad ha sido citada como un factor de variabilidad inversamente
proporcional al contenido celular de toxinas en D. acuminata (Lindahl et al. 2007) aunque el
mecanismo por el cual ocurre no fue dilucidado. Una alta división vegetativa podría explicar
una bajo contenido de toxina por célula, sin embargo no se pueden descartar otros factores
como una disminución de la síntesis de toxina  por célula o aumento de la toxina liberada al
medio. Sin embargo, no se han citado en la literatura evidencias que relacionen estos procesos
con la densidad celular .
Desde un punto de vista técnico, se ha señalado el efecto matriz (Ito & Tsukada 2001)
como una fuente de variabilidad del contenido de toxina por célula en muestras analizadas con
CL-EM. Asímismo, Blanco et al. (1995) sugirió una interferencia analítica del material
acompañante de los Dinophysis -al utilizar la técnica de CL y derivatización con ADAM- para
explicar el progresivo incremento de las estimaciones del contenido de toxina por célula de
Dinophysis en las diluciones sucesivas de muestras de arrastres fitoplanctónicos ricos en D.
acuminata.
Cualquiera que sea la causa, activa o pasiva, de la liberación de toxinas al medio, se trata
de un proceso que puede permitir aplicaciones prácticas en los programas de vigilancia de
toxinas (MacKenzie et al. 2004). Estos programas se realizan para resguardar la salud pública
y tomar decisiones de apertura o cierre de áreas de cultivo de moluscos susceptibles de ser
contaminados. La reciente aplicación de técnicas de detección de toxinas lipofílicas en el medio
mediante «muestreadores pasivos» (resinas sintéticas), abre nuevas posibilidades para el uso
de este tipo de herramientas en la detección precoz y distribución espacio-temporal local y
geográfica de las ficotoxinas. Supuestamente, la detección de niveles traza de ficotoxinas lipofílicas
adsorbidas por las resinas permitiría predecir la acumulación de toxinas DSP, PTX2 y YTXs en
los mariscos cuando sus concentraciones distan aún de los niveles regulatorios para el consumo
humano (MacKenzie et al. 2004). Sin embargo esto no ha sido establecido empíricamente.
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Las resinas adsorbentes de toxinas lipofílicas son inocuas para el medio ambiente y tras
permanecer instaladas in situ en distintos puntos de la columna de agua, se recuperan y se
conservan en la nevera hasta el momento del análisis. Además, se trata de un método muy
sensible y de bajo coste (MacKenzie et al. 2004). Los moluscos intoxicados también liberan
toxinas transformadas (PTX2SA, acyl derivados) más rápidamente que las formas libres, aunque
la tasa de detoxificación de las distintas formas de toxinas es específico (Vale & Sampayo
2002, Vale 2004a, Vale 2006).
10. Biotransformación específica: Acilación de toxinas consumidas
Desde los años 90, se conoce la transformación enzimática de las toxinas por los moluscos
contaminados, lo que ha inducido a mejorar las técnicas para su detección y cuantificación. Se
han descrito los acyl-derivados de AO y DTXs (Fig. 1) -identificados a partir de moluscos
contaminados (Yasumoto et al. 1985, Marr et al. 1992)- y se descubrió que eran producto de
la acilación metabólica del AO y DTXs en el hepatopáncreas de las vieiras (Lee et al. 1989,
Suzuki et al. 1999), que de esta forma producían un derivado menos tóxico (e.g. Yasumoto et
al. 1989). Análogamente, se describió que las PTXs eran rápidamente metabolizadas en los
moluscos para dar lugar a la pectenoxina-2 seco ácido (PTX2SA) y la 7-epi-pectenotoxina
seco ácido (7-epi-PTX2SA) (Suzuki et al. 2001) -compuesto, este último, que se genera
espontáneamente en muy baja proporción respecto a la de la PTX2SA (Fig. 3). Los derivados
de la PTX2 detectados, en baja cantidad (<1 - 15%) en muestras de fitoplancton (i.e. Vale &
Sampayo, 2002; Fernández-Puente et al. 2004), son posiblemente resultado de una mala
manipulación, ya que las muestras que no se congelan inmediatamente después de su
concentración sufren una rápida transformación enzimática debido a la lisis celular (Quilliam et
al. 1996). En las Rías Gallegas, tanto los acyl-ésteres (Fernández et al. 1996) como la PTX2SA
(Fernández et al. 2003) se han encontrado en moluscos expuestos a proliferaciones otoñales
de D. acuta y D. caudata. La aparición conjunta de estas dos especies, o sólo la presencia de
D. caudata, puede dar lugar a situaciones en las que la PTX2 sea la toxina predominante en el
fitoplancton (Fernández et al. 2006). El PTX2SA y 7-epi-PTX2SA ya habían sido detectadas
en mejillones y berberechos de Portugal expuestos a floraciones de D. acuta y D. fortii (Vale
& Sampayo 2002). En la Figura 4 (Capítulo 1) se muestra un resumen esquemático del
conocimiento actual sobre biotransformaciones específicas de toxinas DSP por los moluscos.
11. El acuciante problema de la falta de patrones de toxinas lipofílicas
Los patrones y materiales de referencia certificados (MRC) son materiales con una o más
propiedades que han sido suficientemente cuantificadas para que puedan utilizarse en la
calibración de los métodos de análisis. Los avances de conocimientos relacionados con la
fisiología de la producción de toxinas por las microalgas, y sus transformaciones en los distintos
organismos a los que son transferidas, se han visto gravemente dificultados por la carencia de
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Figura 4A. Equipo de filtración y adsorción de
toxinas del National Veterinary Institute de
Oslo (Noruega) utilizado in situ para
concentración masiva de fracciones (<100 µm)
de plancton rico en Dinophysis spp.
Figura 4B. Diagrama de las partes que conforman
el sistema de filtración masiva mostrado arriba.
(A) Bomba sumergible (10 l min-1). (B) Cilindro
relleno con un prefiltro y cuya parte superior
está cubierta con una red de plancton de 100
µm de trama. (C) filtro de 50 µm de trama.  (D)
Distribuidor de flujo de agua a cada una de las
columnas (E) rellenas con  resina activada para
la adsorción de toxinas  (tomado de Rundberget
et al. 2007).
MRC de las toxinas. Esta situación es especialmente grave en el caso de las toxinas del complejo
DSP. Al no existir cultivos masivos establecidos de Dinophysis, se ha trabajado con cultivos
alternativos de Prorocentrum lima –como fuente de AO y DTX1- y con bivalvos contaminados
–como fuente de PTX2- como materia prima para el aislamiento, purificación y certificación de
patrones. Ocasionalmente, algunos grupos han optado por concentrar elevados volúmenes de
agua de mar (bombas, redes de arrastre gigantes) en momentos de  detección de máximos
celulares de Dinophysis spp. (James et al. 1999, Rundberget et al. 2007). La Figura 4A
muestra un ejemplo de un sistema de filtración prototipo  in situ, utilizado para la concentración
masiva de plancton (Rundberget et al. 2007). Este sistema fu utilizado experimentalmente durante
una floración de D. acuta en la Ría de Pontevedra, con el objetivo de extraer y purificar toxinas
DSP como material de referencia. La Figura  4B muestra un diagrama de las partes que
constituyen este prototipo de filtración masiva.
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El objetivo de algunos programas internacionales y proyectos ha sido la producción y
abastecimiento de estos patrones a la comunidad de investigadores y laboratorios de control,
pero los esfuerzos son claramente insuficientes.
12. Las Rias Baixas gallegas, un caso de estudio in situ: 2005-2006
En las Rías Baixas, segundo productor del mundo de mejillón (Mytilus galloprovincialis)
de batea -producción anual superior a las 250000 toneladas (Franco 2006)- los episodios de
presencia de toxinas DSP por encima del nivel de regulación dan lugar a prolongados cierres de
las áreas de cosecha. Estos episodios constituyen, sin duda, el principal riesgo natural para la
explotación de bivalvos. Los datos históricos de proyectos y programas de seguimiento señalan
a la Ensenada de Bueu (Ría de Pontevedra) como la «zona roja» de desarrollo y/o acumulación
de poblaciones de Dinophysis, donde los eventos DSP son más persistentes. Por ello, se eligió
esta estación como el punto de muestreo fijo para los estudios objeto de esta tesis. Durante dos
años, se realizaron muestreos semanales, de oportunidad, que coincidían con la toma de muestras
periódica del programa de seguimiento de fitoplancton y condiciones ambientales del
INTECMAR.
A partir de los análisis de toxinas en moluscos contaminados en las Rías Baixas y de las
poblaciones de Dinophysis, se ha establecido la relación entre la contaminación por AO ocurrida
en primavera y las proliferaciones de D. acuminata, mientras que D. acuta se identifica como
el responsable de la contaminación simultánea por AO y DTX2 de otoño  (Fernández et al.
2006). Tal dinámica del perfil de toxinas en moluscos contaminados coincide con la registrada
en Portugal (Vale & Sampayo 1999, 2000, Vale 2004a).
Durante el año 2005, intensas floraciones de D. acuta en otoño sucedieron a las de
primavera-verano de D. acuminata, iniciadas desde marzo, en las Rías Baixas. Esta situación
condujo a prolongados períodos de prohibición de extracción de bivalvos y permitió hacer un
buen seguimiento in situ de la variabilidad temporal de perfil y contenido de toxinas en las
poblaciones fitoplanctónicas, así como de las toxinas liberadas al medio y captadas con
muestreadores pasivos (resinas adsorbentes). El intenso bloom de otoño de D. acuta durante
la segunda semana de noviembre, brindó una oportunidad única para identificar toxinas
minoritarias del perfil de esta especie, y para realizar un estudio de variabilidad circadiana de su
contenido celular de toxinas. Durante el 2006, estos episodios volvieron a repetirse, si bien las
poblaciones de Dinophysis comenzaron a proliferar en fechas mucho más tardías (a partir de
mediados de junio) y con notoria concurrencia de distintas especies de Dinophysis.
G. Pizarro24
25Introducción, Objetivos, Dicusión y Conclusiones
OBJETIVOS DE LA TESIS
Los objetivos de esta tesis fueron:
1. Re-definir las especies de Dinophysis asociadas a las toxinas lipofílicas
en las Rías Baixas Gallegas.
2. Establecer el perfil y contenido de toxinas lipofílicas por célula de
Dinophysis mediante técnicas de cromatografía líquidaacoplada a
espectrometría de masas (CL-EM).
3. Explorar la variabilidad del contenido de toxinas lipofílicas por célula
(aislada y en concentrados) en diferentes escalas temporales (ciclo
circadiano, estacional, interanual).
4. Establecer asociaciones anuales entre la dinámica poblacional de especies
de Dinophysis con la dinámica del perfil de toxinas lipofílicas por célula
en concentrados de plancton.
5. Establecer la asociación temporal entre el patrón del perfil de toxinas
lipofílicas liberadas al medio marino con las floraciones de Dinophysis.
6. Evaluar  la utilidad de los muestreadores pasivos (resinas SPATT)
de toxinas disueltas en la columna de agua como alerta temprana de
episodios tóxicos en las  Rías Baixas Gallegas.
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DESARROLLO DE LA TESIS
• En el Capítulo 1, se presenta  el estado del arte mediante una revisión de la
literatura disponible sobre episodios de intoxicación DSP y toxinas lipofílicas
asociadas a especies del género Dinophysis.
Trabajo  publicado. Planktonic dinoflagellates which produce polyether toxins of
the Old  «DSP complex». 2008. Beatriz Reguera, Gemita Pizarro, Seafood and
Freshwater Toxins: Pharmacology, Physiology, and Detection. En: Botana, L.M.
(Ed.). Taylor & Francis, pp. 257-284 .
• En el Capítulo 2, se presentan datos originales sobre la dinámica poblacional
temporal (estacional y anual) de especies de Dinophysis obtenidas en los
concentrados de plancton durante 2005 y 2006, y su perfil y contenido de toxinas.
Se comparan las estimaciones obtenidas en células aisladas por micromanipulación
frente a las obtenidas a partir de concentrados de plancton multiespecíficos.
Asimismo, se hace un seguimiento, mediante muestreadores pasivos, de las toxinas
liberadas al agua de mar y se relaciona su variación con las poblaciones de
Dinophysis.
Manuscrito en preparación. Released and particulate Dinophysis-related toxins in
the Galician Rías Baixas (NW Spain) in 2005-2006.
• En  el Capitulo 3, se presenta la caracterización morfológica, toxinológica y
genética de D. ovum, un pequeño Dinophysis que formó un floración muy inusual
en las Rías Baixas en junio de 2006.
Aceptado en Harmful Algae: Morphology, toxin composition and molecular
analysis of Dinophysis ovum Schütt, a dinoflagellate of the «Dinophysis acuminata
complex». Nicolás Raho*, Gemita Pizarro*, Laura Escalera, Beatriz Reguera,
Irma Marín (* ambos son primeros autores).
• En el Capítulo 4, se describen por primera vez las toxinas lipofílicas OA-D8 y
PTX11 en concentrados ricos en D. acuta de las Rías Baixas, toxinas que habían
sido descritas hasta ahora sólo en D. acuta procedente de Nueva Zelanda.
Enviado a Toxicon: Identification of Pectenotoxin-11 and of the Okadaic acid
derivative OA-D8 diol ester in Dinophysis acuta from the Galician Rías Baixas
(NW Spain) by LC-MS. Gemita Pizarro, Beatriz Paz, José M. Franco, Toshiyuki
Suzuki, Beatriz Reguera.
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• En el Capítulo 5, se presenta la dinámica circadiana de una población de D.
acutay su perfil de toxinas, durante un muestreo intensivo de 24 h, coincidiendo
con una densa floración de esta especie en Noviembre de 2005.
Trabajo publicado. Growth, behaviour and cell toxin quota of Dinophysis acuta
during a daily cycle. 2008. Gemita Pizarro, Laura Escalera, Sonsoles González-
Gil, José M. Franco, Beatriz Reguera. Marine Ecology Progress Series 353: 89-
115.
• En el Capítulo 6, se presenta la dinámica estacional de D. acuta, de su perfil de
toxinas (células aisladas y arrastres) y de las toxinas liberadas en la columna de
agua durante su presencia, en las Rías Baixas en el otoño de 2005.
Enviado a Harmful Algal. Seasonal variability of particulate and released lipophilic
toxins during and after a bloom of Dinophysis acuta. Gemita Pizarro,  Beatriz Paz,
Sonsoles González-Gil, José M. Franco, Beatriz Reguera.
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DISCUSIÓN DE LOS RESULTADOS
1. Identificación de las especies de Dinophysis asociadas a toxinas lipofílicas en las
R ías Baixas Gallegas (Objetivo 1)
A nivel mundial, se ha demostrado el contenido de toxinas del complejo DSP y PTXs en
once especies de Dinophysis, (Cap. 1, Tabla 1, Fig. 1). Diez de estas especies de Dinophysis
están presentes en las Rías Baixas Gallegas (Cap. 2, Tabla 1), aunque sólo cinco de ellas - D.
acuminata, D. ovum, D. acuta, D. caudata y D. rotundata- se presentaron en concentraciones
apreciables (> 102 células l-1) (Cap. 2, Figs, 3C, 4C; Cap. 6, Tabla 1) -que permitieron los
aislamientos de células por micromanipulación- durante 2005 y 2006. D. tripos y D. fortii
-especies que pueden aparecer en las rías en concentraciones bajas-moderadas (< 103 cél  l-1)
en otoño (Reguera 2003)- no se detectaron durante este periodo de estudio.
La dominancia (> 90% de las especies de Dinophysis) en muestras de concentrado a
mediados de junio de 2006 (Cap. 2, Fig. 4C), de un pequeño dinofisial perteneciente al
«Complejo Dinophysis acuminata», nos permitió identificar una nueva especie toxígena,
Dinophysis ovum Schütt (Cap. 3). La identificación se basó en la morfología, claramente
diferenciable del D. acuminata típico de la zona (Cap. 3; Fig. 3), contenido de toxinas por
célula aislada -sólo AO en un rango de concentraciones similares a las encontradas para células
aisladas de D. acuminata (1.4 – 7.4 pg cel-1)- y análisis molecular de la unidad ribosomal,
ITS-5.8S-ITS2 de la región del rDNA y gen mitocondrial citocromo oxidasa 1. Este estudio
demostró que el gen mitocondrial (utilizado por primera vez en estas especies de Dinophysis)
era más apropiado, pues exhibía una mayor variabilidad de pares de base (25 pb) (Cap. 3, Fig.
8) que el gen rDNA para diferenciar entre D. acuminata y D. ovum como herramientas de
biología molecular.
2. Metodología de detección de toxinas DSP y PTXs. (Objetivo 2)
El método de análisis más utilizado para la detección de toxinas DSP, es el método de
cromatografía líquida con detector de fluorescencia (CL-FLD). Éste permite la identificación y
cuantificación de las diferentes toxinas del complejo DSP, luego de una derivatización con 9-
antryldiazometano (ADAM), el cual reacciona con el grupo carboxilo. En los acyl-derivados
del AO (producto de transformación del AO y DTXs en moluscos) y en los diol-ésteres de los
okadaatos, producidos por ciertas microalgas como D. acuta y Prorocentrum lima, los
extractos deben ser previamente hidrolizados para liberar el grupo carboxilo. Hasta la fecha,
este método ha sido desarrollado y descrito para la determinación de DSP en moluscos y
fitoplancton. Es un método trabajoso que requiere un tratamiento previo de las muestras, sobre
todo de las de moluscos, antes de ser derivatizado, lo que conlleva gran cantidad de tiempo y
pasos de limpieza previos.
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En la última década, las técnicas de CL acoplada a espectrometría de masas, han permitido
análisis de muestras a partir de varias decenas (en vez de cientos) de células aisladas por
micromanipulación, además de los extractos obtenidos directamente de concentrados de plancton
y moluscos.
Por esta razón, el equipo existente en el Centro Oceanográfico de Vigo (IEO), se
acondicionó para el AO y derivados , y se modificó el método de identificación por espectrometría
de masas (CL-EM) utilizado para toxinas lipofílicas del tipo YTXs (Paz et al. 2004). Con este
método modificado y utilizando los mismos eluyentes empleados para las YTXs - una mezcla
de acetato amónico/MeOH - se separaron exitosamente el AO y varios de sus derivados diol-
ésteres obtenidos de extractos de cultivos de P. lima (Paz et al. 2007). El acetonitrilo es otro
solvente ampliamente utilizado en lugar del metanol. La ventaja del MeOH es que es un disolvente
de uso muy común, más económico y menos tóxico que el acetonitrilo. Así pues, el método
modificado, permitió también identificar de forma rápida y sensible a las PTXs además del AO
y derivados de especies de Dinophysis, tanto en concentrados de plancton como en células
aisladas por micromanipulación (Caps. 2 – 6). El tiempo total del cromatograma es de 30
minutos y los tiempos de retención son cortos variando entre 4 y 15 minutos en función del
análogo de AO y de PTX  a identificar (Cap. 4, Figs. 2-4; Cap. 5, Figs. 6, 8, 9).
Debido a la carencia de estándares comerciales para realizar estimaciones cuantitativas
de las toxinas emergentes, las concentraciones del diol-éster OA-D8, PTX11 y el isómero de
PTX11, fueron estimadas como equivalentes de los estándares de AO, PTX2 y PTX1,
respectivamente, dando por supuesto que las toxinas en las muestras y los estándares responden
de igual manera a la detección por CL-EM.
3. Variabilidad estacional y anual del perfil y contenido de toxinas por célula aislada.
(Objetivo 3 y 4)
Los análisis de toxina por CL-EM fueron realizadas en las células de distintas especies de
Dinophysis aisladas por micromanipulación a partir de arrastres verticales con redes planctónicas
(de 20 µm de apertura de malla) y/o de los concentrados de plancton seleccionados por rango
de tallas, con el sistema de bomba y salabre (Cap. 2, Fig. 1), que permitieron el aislamiento de
unas decenas de células por muestra a analizar. Las muestras se tomaron semanalmente durante
todo el período de presencia de Dinophysis spp. en la Ría de Pontevedra en 2005 y 2006
(muestreos sistemáticos).
Algunas muestras adicionales proceden de muestras oportunistas, no sistemáticos,
realizados en las Rías de Vigo y Pontevedra entre 2002 y 2007 (Cap. 2, Tabla 2, Tabla 3B).
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Todas las muestras se mantuvieron congeladas (-18º C) y correspondieron a D. ovum,
D. acuminata, D. acuta, D. caudata, D. rotundata y dos especies de Protoperidinium -P.
divergens y P. depressum.
Se considera que los resultados de análisis de células aisladas por micromanipulación son
los más válidos por ser los únicos que no presentan ambigüedades. Los contenidos de toxina
por célula se encontraron en un rango entre no detectable (nd) y máximos que dependieron de
la especie y año de muestreo.
D. ovum y D. acuminata sólo presentan AO en su perfil de toxinas (1.4 – 7.0 y nd – 12.1
pg AO cél-1, respectivamente). D. acuta presenta AO, DTX2 y PTX2 como toxinas mayoritarias
(nd – 9.1, nd – 8.4 y 3.1 – 9.8 pg cél-1, respectivamente.) D. caudata presenta PTX2 y
ocasionalmente AO y DTX2 en bajas concentraciones (nd – 4.8, nd – 3.9 y 0.6 – 55 pg cél-1,
respectivamente). D. rotundata, especie que puede detectarse prácticamente todo el año aunque
en concentraciones bajas (< 100 células l-1), presentó niveles traza de AO + PTX2 (2 casos),
ó de AO+DTX2 (1 caso), ó de sólo PTX2 (1 caso) en 4 de las 11 muestras analizadas. Las
otras 7 muestras no revelaron siquiera trazas de toxina.
En Protoperidinium divergens y P. depressum -especies heterótrofas presentes durante
todo el año en concentraciones bajas a moderadas (< 10% del fitoplancton total), que podrían
potencialmente alterar el perfil y contenido de toxinas si hubieran consumido Dinophysis spp.-
no se detectaron ni siquiera cantidades traza de okadaatos o PTXs en las cuatro muestras de
las Rías Baixas Gallegas analizadas. Dado el bajo número de muestras analizados en este
estudio, los resultados no son concluyentes para rechazar la posibilidad de contenido de toxinas
en Prototperidinium spp. Se requeriría establecer el aporte de estas especies al perfil y contenido
de toxinas en la Rías Baixas Gallegas, analizandoun mayor número de muestras en diferentes
épocas y en asociación con periodos del año en que ocurren las principales floraciones de
Dinophysis.
La razón AO:DTX2 en los aislamientos celulares de D. acuta de 2005 (Cap. 6, pág.
164) y 2006 (Cap 2,  pág. 91) presenta un valor constante, estadísticamente significativo, de
3:2.
Por el contrario, la razón entre okadaaatos y PTXs presentó una gran dispersión de
valores durante ambos años.
El perfil de toxinas de D. acuminata de las Rías Baixas Gallegas, que sólo presenta AO,
se diferencia del perfil citado para otras partes del mundo, en las que presenta AO, DTX1 (sólo
citado para Suecia y Japón) y/o PTX2 y PTX12 (Cap. 1, Tabla 12.1). Los rangos observados
durante 2005 y 2006 para AO,  están dentro de los rangos detectados a nivel mundial en
células aisladas de D. acuminata, nd – 23 pg cél-1. El valor máximo de este rango fue detectado
en Suecia (Johansson et al. 1996) (Cap. 1, Tabla 12.1).
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En el caso de D. ovum, este es el primer estudio que cita el perfil y contenido de toxinas
de esta especie.
El perfil de toxinas de D. acuta es similar al citado para otras partes del mundo, excepto
que en las poblaciones de Suecia y Noruega, la DTX1 es la dinophysistoxina predominante,
que puede ir o no acompañada de DTX2. Los valores máximos de toxinas citados en el mundo
que conforman el perfil de D. acuta, AO (85 pg cél-1), DTX2 (78 pg cél-1), fueron encontrados
en Irlanda (James et al. 1998, Fernández-Puente et al. 2004), mientras que el valor máximo
de PTX2 (32.3 pg cél-1) fue encontrado en las Rías Baixas Gallegas (Fernández et al. 2006)
(Cap. 1, Tabla 12.1).
En el caso de D. caudata, sólo existe información previa para la Ría de Vigo, y los
resultados de este estudio confirman lo citado por Fernández et al. (2006) para esta especie: la
PTX2 es siempre la toxina mayoritaria, que puede ir ocasionalmente acompañada de bajas
concentraciones de OA y DTX2. El valor máximo de PTX2 encontrado en las Rías Baixas
Gallegas fue 127.4 pg cél-1 (Fernández et al. 2006)
En D. rotundata, las únicas citas acerca del perfil y contenido significativo de toxina son
de Lee et al. (1989) (101 pg DTX1 cél-1) y el nivel de trazas, citadas por Miles et al. (2004b)
(0.8 pg PTX2 cél-1 y 0.4 – 1.3 pg PTX12 cél-1). Nuestros resultados nos hacen sospechar que
esta especie no produce toxinas de novo, pero podría adquirir las toxinas mediante la predación
de tintínidos que se hubieran alimentado de Dinophysis (e.g. Reguera 2003).
Dos especies de Protoperidinium, fueron tenidas en cuenta en la exploración de la presencia
de okadaatos y PTXs porque Miles et al. (2004b) habían encontrado estas toxinas en los
especímenes noruegos. Estos autores atribuyeron este hecho a la ingestión previa de Dinophysis
por parte de estas especies heterótrofas.
4. Variabilidad circadiana, estacional y anual del perfil y contenido de toxinas por
célula en concentrados de plancton. (Objetivo  3 y 4)
Durante 2005 y 2006 fue posible realizar muestreos sistemáticos de fitoplancton y detección
de toxinas en concentrados de plancton. Los resultados indican que existe una gran variabilidad
interanual en la dinámica poblacional de las especies de Dinophysis en la localidad de muestreo
(Cap. 2, Figs. 3C, 4C), variabilidad que se observa también si se comparan estos resultados
bianuales, con los estudios de dinámica poblacional realizados durante las floraciones en años
anteriores (Reguera 2003, Reguera et al. 2003).
La permanencia de las toxinas en la columna de agua más allá de cuando las poblaciones
de Dinophysis han desaparecido de la columna de agua (Cap. 6, Fig. 9; Cap. 2, Figs. 3B, 4B)
es un hecho curioso. Parece ser que esta condición, es producto de una interacción entre los
procesos de mesoescala de hundimiento y afloración (upwelling) de aguas, determinados por la
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intensidad y dirección de los vientos -procesos bastante estudiados en las Rías Gallegas (Fraga
& Bakun 1993, Álvarez et al. 1996, Varela et al. 2004)- y la dinámica de la materia orgánica
en estos sistemas.
        4.1 Perfil de toxinas en concentrados de plancton
La variabilidad en la dinámica poblacional de Dinophysis, durante 2005 y 2006, se vio
reflejada en el perfil y contenido de toxinas por célula (Cap. 2, Figs. 3B, 4B) estimado a partir
de concentrados de plancton. Así pues, fue confirmada la presencia de AO en los meses de
primavera-verano, asociada a floraciones de D. acuminata y D. ovum. El complejo
AO+DTX2+PTX2 fue asociado a D. acuta en otoño, mientras la detección de toxinas
minoritarias diol-éster AO-D8 + PTX11 sólo fueron asociadas a densas floraciones de D.
acuta.
De acuerdo al contenido de toxina por célula aisladas en 2006 (Cap. 2, Fig. 4A, B), D.
caudata aportó mayoritariamente PTX2 en otoño y parte del verano (julio), aunque también
pudo aportar AO y DTX2 en forma esporádica y en bajas concentraciones. En 2005, el aporte
de PTX2 al perfil de toxinas fue menor ya que D. caudata se presentó sólo en otoño y en una
baja concentración frente a la densa floración de D. acuta ocurrida durante el mismo periodo
estacional.
Ni la PTX2SA ni el isómero de la PTX11 fueron encontrados en los concentrados de
plancton.
Durante el 2005, la razón OA:DTX2 para D. acuta presente en arrastres de planton fue
de 2:1 (Cap. 6, Fig. 6A) diferente al obtenido durante el ciclo circadiano (3:2) cuando más del
97% de la especies era D. acuta (Cap. 5, Fig. 7). Durante el período de dominancia de D.
acuta en 2006, la razón AO:DTX2 presentó un valor promedio de aproximadamente 3:1,
distinto también este año del observado en los aislamientos celulares (3:2). (Cap. 2, pág.93).
La variabilidad en las razones podría deberse a la existencia de una mezcla de D. acuta y D.
acuminata o por efecto de las toxinas que quedan en el agua en los periodos de post-floraciones.
 Dado que, en la mayoría de las muestras de células aisladas de especies de D. rotundata
no se detectó ninguna de las toxinas mayoritarias, excepto trazas en 4 de las 11 muestras (Cap.
2, Tabla 2), ni tampoco en ninguna de las cuatro muestras de dos especies de Protoperidinium,
no se consideró el aporte de especies heterótrofas al perfil de toxinas en los concentrados de
plancton en 2005 y 2006 (Cap. 2).
        4.2. Contenido de toxina por célula en concentrados de plancton
El contenido de toxinas por célula en los concentrados de plancton corresponde
mayoritariamente a AO, DTX2 y PTX2. El rango bianual de cada toxina por célula, considerando
G. Pizarro34
los años 2005 y 2006 fueron: 1.6 - 80.4, 0.6 – 20.0 y 2.5 – 161.0 pg cél-1, respectivamente
(Cap. 2, Tabla 4).
El alto valor de la PTX2 observado a fines de 2006 (Cap. 2, Fig. 4B), parece sobrestimado
si se tiene en cuenta el bajo número de células de D. caudata en los concentrados (9 células
ml-1). Esta situación es coincidente con lo observado a fines de 2005: una elevada concentración
de la PTX2 después del 8 Diciembre, asociada con un número muy bajo o con ninguna célula
de D. acuta en los concentrados (Cap. 2, Fig. 3B). Los valores «sobreestimados» de la PTX2,
observados también en el AO y DTX2, coinciden con el régimen hidrodinámico de otoño, tras
el fin de la temporada de afloramiento, que puede favorecer la resuspensión y transporte a las
Rías de materia orgánica previamente acumulada en la plataforma (Varela et al. 2004, Fraga &
Bakun 1993). Nuestros resultados sugieren que toxinas ligadas a materia orgánica resuspendida,
podrían justificar los resultados obtenidos en este estudio (Cap. 2, Fig. 10; Cap. 6, Fig. 9).
No obstante la observación anterior, los rangos observados durante 2005 y 2006 para
AO, DTX2 y PTX2, están dentro de los rangos citados para el AO detectado en concentrados
ricos en D. acuminata en Francia (nd – 170 pg cél-1) (Marcaillou et al. 2005); DTX2 en D.
acuta en Irlanda (nd – 80 pg cél-1) (James et al. 1999) y PTX2 en D. fortii en Japón (nd – 182
pg cél-1) (Suzuki et al. 1998) (Cap. 1, Tabla 1).
        4.3 Variabilidad circadiana del contenido de toxinas en concentrados de
              plancton
En el otoño de 2005, durante una densa floración de D. acuta (>97% de las Dinophysis),
fue posible hacer un seguimiento del contenido de toxinas en concentrados de plancton durante
un ciclo diurno. La variabilidad del contenido total de toxinas (34-136 pg cél-1) se debe achacar
exclusivamente a fluctuaciones asociadas con el ciclo circadiano, ya que la población de D.
acuta se encontraba en fase estacionaria o incluso de comienzos de descenso exponencial (m
= 0.03 d-1) y la variación del volumen celular no fue significativa (Cap. 5, Figs. 3, 5, 10). Los
máximos de contenido celular de toxina se detectaron durante la noche. Esto difiere con lo
observado en otras especies productoras de toxinas lipofílicas, tales como Prorocentrum lima,
en las que el incremento celular de toxina tiene lugar durante el día (Pan et al. 1999). El patrón
de variabilidad de los okadaatos fue diferente al de las PTXs, lo que sugiere vías metabólicas
independientes para ambos grupos de toxinas.
Las concentraciones del diol-éster OA-D8 y PTX11 fueron bajas. Del total de toxinas
(AO+DTX2+PTX2+PTX11+OA-D8 = 135.6 pg cél-1) ocurrido a las 01.00 (hora GTM), el
diol-éster OA-D8 representó un 1.8%. Respecto al AO (14.39 pg cél-1), el porcentaje máximo
del diol-éster fue de un 9.9%  (Cap. 5. Fig. 10C).
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La PTX11 representó un 1.0%.del total de toxinas, y un máximo de 7.7% de la  PTX2
(28.4 pg cél-1). Su patrón de variabilidad circadiano fue similar al de la PTX2 (Cap. 4, Fig. 8).
5. Determinación mediante resinas SPATT, de toxinas lipofílicas liberadas al medio
marino durante las floraciones de Dinophysis. (Objetivos 5 y 6)
La alta variabilidad detectada en el contenido de toxinas -okadaatos y PTX2- por célula
durante el ciclo diurno, sugiere que a ello podría contribuir la liberación celular de toxinas al
medio. Así, la tasa de acumulación de toxina celular mínima, estimada a partir de los arrastres
de plancton ricos en D. acuta (µ = -0.5 h-1) ocurrió entre las 3.00 y 5.00 h (hora GMT) (Cap.
5, Fig. 11).
Con este concepto en mente, fue posible poner a prueba la idea de detectar toxinas en el
agua de las Rías Baixas Gallegas, mediante adsorbedores pasivos similares a las resinas SPATT
utilizadas por MacKenzie et. al. (2004). Se probaron dos tipos de porta-resinas -cilindros y
bastidores circulares- para suspender las resinas HP20 en la columna de agua, a 3, 7 y 12 m de
profundidad durante una semana. Se observó que los bastidores fueron más eficientes que los
cilindros en la adsorción de toxinas (Cap. 6, Fig. 8) debido a su mayor relación
superficie:volumen. La recuperabilidad de los bastidores fue superior al 99% en condiciones
meteorológicas diversas en las Rías Baixas Gallegas.
Con este sitema, se detectó una gran cantidad de toxinas liberadas al agua durante el
periodo de máxima concentración de D. acuta en noviembre de 2005 (Cap. 6, Fig. 8). Las
cantidades de toxinas liberadas al agua durante 2005 y 2006 fueron máximas al decaer las
poblaciones de otoño de D. acuta + D. caudata (Cap. 2, Fig. 5). El perfil de toxinas detectado
en el agua mostró dominancia de AO+DTX2+PTX2+PTX2SA. Los valores máximos se
alcanzaron a 3 m de profundidad y fueron de 13.8 y 20.5 µg de toxina total por porta-resina
circular en 2005 y 2006, respectivamente.
En 2005, además se pudo detectar un isómero de PTX11, no detectado en los concentrados
ni en los arrastres con bomba, aunque representó un bajo porcentaje de la toxina total (0.7% ).
Los altos valores de AO en el agua aparecieron asociados a las floraciones de D.
acuminata en 2005, y a las de D. acuminata y D. ovum en 2006. Los valores de DTX2 se
asociaron con las de D. acuta, y los de PTX2 con las D. acuta y D. caudata, en ambos años.
Así pues, las toxinas adsorbidas por las resinas reflejaron fielmente el perfil de toxinas de la
especie de Dinophysis dominante en el momento.
El origen de las PTX2SA detectadas en el agua es desconocido. Por un lado puede
deberse a la liberación por parte de los moluscos, debido a que es un producto de transformación
enzimática relativamente rápido en ellos (Suzuki et al. 2006). Por otro lado también puede
aparecer en muestras de microalgas como artefacto, por una lenta acción enzimática en muestras
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no congeladas (MacKenzie et al. 2002, Miles et al. 2004) o a procesos enzimáticos propios
de las células fitoplanctónicas en proceso de decaimiento poblacional (muerte y descomposición
celular).
El origen del isómero de PTX11 en el agua también es desconocido. El único estudio
existente acerca de una transformación enzimática de la PTX11 tuvo un resultado negativo
(Suzuki et al. 2006). Estos autores, comprobaron experimentalmente que el molusco Perna
canaliculus transformaba rápidamente la PTX2 a PTX2SA, pero no la PTX11 a PTX11SA u
otra forma. Su concentración inical permaneció invariable dentro de las 18 horas que duró el
experimento. Por lo tanto, se desconoce si existe una transformación de PTX11 a un isómero
de PTX11 mediada por la propia célula microalgal, o por especies de zooplancton u otra
especies de moluscos. Es conocido que las transformaciones enzimáticas de toxinas son
específicas de la especie de molusco que las producen (Cap. 1, Fig. 4). De acuerdo al tiempo
de retención en que eluye este isómero en una separación en columna en fase reversa -antes
que la PTX11 (Cap. 4. Figs. 3A, 4B)-  cabe la posibilidad que se trate de la PTX13 descrita
recientemente en D. acuta procedente de Nueva Zelanda (Miles et al. 2006). O bien se trate
de un nuevo isómero de la PTX11. Con la información disponible, no es posible descartar
hasta ahora, ninguna de las alternativas mencionadas.
6. Utilidad de las resinas como alerta temprana de episodios tóxicos en las Rías
Baixas Gallegas. (Objetivo 6)
Durante el año 2006, se suspendieron semanalmente resinas en la columna de agua a
diferentes profundidades (3, 7 y 12 m coincidentes con los muestreos de mejillón para el control
de toxinas) en el polígono de Bueu (Cap. 2, Fig. 5). Concluimos que las resinas «avisaron» de
la presencia de toxinas unas semanas antes que se implementara la primera cuarentena en este
polígono. Asimismo, el momento de reapertura de extracción del polígono de Bueu se dio antes
de que el resultado de toxinas en las resinas fuera negativo.
Las primeras cantidades traza de toxina en las resinas aparecieron una semana después
de la detección del primer incremento anual –superficial- de Dinophysis ovum en los
concentrados de bomba de junio de 2006, pero antes de producirse el cierre de las bateas a la
extracción de mejillones.
El alto valor de la concentración de células de D. ovum  puede resultar engañoso, por
cuanto la bomba habría succionado precisamente el máximo de esta especie, agregada en una
capa fina, pero el valor de la concentración de la especie en la columna integrada de agua (0-
15 m) fue mucho más moderado de acuerdo con los informes semanales del INTECMAR
diseminados por la web de este centro. En cualquier caso, es posible interpretar que la liberación
de toxinas en las poblaciones jóvenes, iniciales era muy baja.
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7. Identificación de nuevos derivados de AO y PTX1 en D. acuta de las Rías Baixas
Gallegas. (Objetivo 2 y 3)
La fuerte dominancia de D. acuta (> 97% de las especies de Dinophysis) durante la
floración del otoño de 2005 permitió detectar, a lo largo de un ciclo de 24 h, la presencia de
nuevas toxinas en el perfil de toxinas de D. acuta de las Rías Baixas Gallegas. Se identificó, por
CL-EM, el diol-éster OA-D8 y la PTX11 (Cap. 4, Figs. 2,3), hasta ahora sólo citados para D.
acuta procedente de Nueva Zelanda (Suzuki et al. 2003, 2004, 2006). Estas nuevas toxinas
fueron detectadas coincidiendo con okadaatos (OA, DTX2) y PTX2. También fue posible
detectar en el agua (mediante resinas SPATT), un isómero de la PTX11 (Cap. 4, Figs. 4). De
acuerdo al análisis por CL-EM realizado, se sugiere que pudiera ser la PTX13 (detectada
recientemente solo en D. acuta de Nueva Zelanda), un nuevo isómero de la PTX11. También
se deja como hipótesis, dada la falta de información, que sea un producto de transformación de
la PTX11.
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CONCLUSIONES POR OBJETIVOS
Sobre el objetivo 1. Definir las especies de Dinophysis asociadas a las toxinas
lipofílicas en las Rías Baixas Gallegas.
1. De las once especies de Dinophysis identificadas a nivel mundial como portadoras de
toxinas del complejo DSP y PTXs, diez están citadas para las Rías Baixas Gallegas.
Cinco de ellas - D. acuminata, D. ovum, D. acuta, D. caudata y D. rotundata- se
presentaron durante 2005 y 2006.
2. Se describió por primera vez a D. ovum en las Rías Baixas Gallegas, en base a la
morfología y análisis molecular del gen mitocondrial de la citocromo-oxidasa 1. El
perfil y  contenido de toxinas de D. ovum son citados por primera vez a nivel mundial.
3. El análisis molecular de la citocromo-oxidasa 1 resultó ser más apropiado que el gen
rDNA para diferenciar las especies de Dinophysis.
Sobre el objetivo 2. Establecer el perfil y contenido de toxinas lipofílicas por célula
de Dinophysis mediante técnicas de cromatografía líquida de alta eficacia acoplada
a espectrometría de masas (CL-EM).
4. La modificación y optimización del  método de determinación de YTXs, permitió se-
parar, identificar y estimar cuantitativamente de forma rápida y sensible el AO, deriva-
dos y PTXs, en  concentrados de plancton, en células de Dinophysis aisladas y en el
agua de mar.
Sobre el objetivo 3. Explorar la variabilidad del contenido de toxinas lipofílicas por
célula (aislada y en concentrados) en diferentes escalas temporales (ciclo
circadiano, estacional).
5. El perfil y contenido estacional de toxinas lipofílicas por célula aislada fue:
a) D. ovum y D. acuminata sólo presentan AO en su perfil de toxinas, en rangos de
1.4 – 7.0 y nd – 12.1 pg cél-1, respectivamente.
b) D. acuta presenta AO, DTX2 y PTX2 como toxinas mayoritarias en rangos de
nd – 9.1, nd – 8.4 y 3.1 – 9.8 pg cél-1, respectivamente.
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c) D. caudata presentó siempre y mayoritariamente PTX2 (0.6 – 55.0 pg cél-1) y
ocasionalmente, bajas concentraciones de AO y DTX2 (nd – 4.8 y nd – 3.9 pg
cél-1, respectivamente). Debido a su perfil y a su moderada concentración, no
altera significativamente el perfil de toxinas estacional descrito cuando coincide
con D. acuta.
d) La razón AO:DTX2 en los aislamientos celulares de D. acuta de 2005 y 2006
presentó una constancia, estadísticamente significativa, de 3:2. Por el contrario, la
razón entre okadaatos y PTXs presentó una gran dispersión de valores durante
ambos años. Las razones AO:DTX2 fueron similares a las citadas para las pobla-
ciones de Portugal, y diferentes a las citadas para Irlanda y Nueva Zelanda.
6. El perfil y contenido estacional de toxinas lipofílicas por célula en concentrados de
plancton fue:
a) La presencia de AO en los meses de primavera-verano está asociada a D.
acuminata y eventualmente a D. ovum, mientras la presencia ocasional de PTX2
en primavera-verano está asociada a D. caudata.
b) El complejo AO+DTX2+PTX2 está asociado a D. acuta en otoño y, eventual-
mente, también a D. caudata.
c) Las toxinas minoritarias, el diol-éster AO-D8  y la PTX11 se presenatron asocia-
das a densas floraciones de D. acuta.
d) Los contenidos celulares de toxina estimados a partir de los concentrados de
plancton, fueron superiores (hasta un orden de magnitud) a los  estimados a partir
de células aisladas por micromanipulación.
e) La razón AO:DTX2 en arrastres de plancton durante las proliferaciones de D.
acuta  fue variable, de 2:1 cuando existe mezcla de D. acuta y D. acuminata o
por efecto de otras toxinas en el agua, hasta 3:2 cuando existía una fuerte domi-
nancia de D. acuta. La razón AO:PTX2 fue altamente variable y no se observó
ninguna correlación significativa entre ambos grupos de toxinas.
f) La PTX2SA sólo se detectó en el agua y no en los concentrados de plancton, lo
que manifiesta que las muestras recolectadas en este estudio fueron bien manipu-
ladas y procesadas.
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7. Durante un estudio in situ de escala diurna, la variabilidad del perfil y contenido  de
toxinas lipofílicas por célula en concentrados de plancton ricos en D. acuta se resume
en:
a)  El máximo de toxina total fue (AO+DTX2+PTX2+PTX11+OA-D8) 135.6 pg
cél-1, observado a la 01.00 hora GTM.
b) Los máximos de toxina por célula se observaron durante la noche a diferencia de
lo previamente citado para especies bentónicas productoras de las mismas toxi-
nas (i.e. Prorocentrum lima).
c) El diol-éster OA-D8 y la PTX11 representaron un 1.8 y 1.0 %, respectivamente,
del máximo de toxina total. El patrón de variabilidad circadiano del diol-éster
presentó un desfase respecto al del AO, mientras que el patrón circadiano de la
PTX11 fue similar al de la PTX2.
d) La razón AO:DTX2 fue constante (3:2) durante el ciclo de 24 horas, mientras la
razón AO:PTX2 fue variable y no se observó ninguna correlación significativa
entre ambos grupos de toxina.
Sobre el objetivo 4. Establecer asociaciones anuales entre la dinámica poblacional
de especies de Dinophysis con la dinámica del perfil de toxinas lipofílicas por célula
en concentrados de plancton.
8.  La variabilidad anual del perfil y contenido de toxinas lipofílicas por célula en concen-
trados de plancton fue:
a) Los rangos de AO, DTX2 y PTX2, considerando los años 2005 y 2006, fueron:
1.6 - 80.4, 0.6 – 20.0 y 2.5 – 161.0 pg cél-1, respectivamente. En general, estos
están dentro de los rangos citados a nivel mundial y reflejan la dinámica anual de
las poblaciones de Dinophysis en las Rías Baixas Gallegas durante la mayor parte
del año.
b) El alto valor de PTX2 observado cuando existen niveles muy bajos o incluso no
detectables de D. caudata o D. acuta, sugiere que la dinámica de las toxinas en
el agua está influenciada por la variabilidad espacio-temporal de la materia orgá-
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nica resuspendida, modulada a su vez por los procesos hidrodinámicos de otoño
en las Rías.
c) Se establece por primera vez que D. acuta de las Rias Baixas Gallegas contiene
diol-éster AO-D8 y PTX11, toxinas sólo citados hasta ahora en poblaciones de
D. acuta procedentes de Nueva Zelanda. Se trata de toxinas presentes en una
proporción muy baja, por lo que no alteran significativamente el perfil ni el conte-
nido anual de toxinas registrado.
d) D. rotundata, especie que puede detectarse en concentraciones bajas práctica-
mente todo el año, generalmente no presentó toxinas. Ocasionalmente presentó
niveles traza de AO + PTX2, AO+DTX2 ó sólo PTX2. Por lo tanto se concluye
que esta especie no contribuye significativamente al perfil y contenido de toxinas
anual descritos.
e) Protoperidinium divergens y P. depressum, no presentaron okadaatos o PTXs
en las Rías Baixas Gallegas en las cuatro muestras analizadas. Sin embargo, su
aporte al perfil anual de toxina debería evaluarse en base a un mayor número de
de muestras a lo largo del año.
Sobre el objetivo 5. Establecer la asociación temporal entre el patrón del perfil de
toxinas lipofílicas liberadas al medio marino con las floraciones de Dinophysis.
9. El origen del AO liberado al agua en primavera-verano fueron las floraciones de D.
acuminata, ocasionalmente acompañado de D. ovum. En otoño, son las floraciones
predominantes de D. acuta y D. caudata.
10. El origen de la DTX2, que siempre apareció en otoño, fue D. acuta. La PTX2 que
aparece en otoño tiene su origen en D. acuta y D. caudata. La PTX2 que ocasional-
mente aparece a fines de primavera y/o verano se debió a la presencia de D. caudata.
11. El origen de las PTX2SA en el agua es desconocido. Puede deberse a la liberación por
parte de los moluscos o por procesos enzimáticos propios de las células fitoplanctónicas
en proceso de decaimiento poblacional.
12. El  isómero de PTX11 sólo se encontró en el agua y durante el otoño, cuando se
presentó una densa floración de D. acuta. Su concentración representa en estos ca-
sos un bajo porcentaje (0.7%) de la toxina total, de modo que no alteró
significativamente el perfil de toxinas liberadas al agua.
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Sobre el objetivo 6. Revisar la utilidad de los muestreadores pasivos (resinas
SPATT) de toxinas disueltas en la columna de agua como alerta temprana de
episodios tóxicos en las Rías Baixas Gallegas.
13. El método de muestreadores pasivos (resina HP20 en bastidores) es un método ade-
cuado para el estudio de la variabilidad de toxinas lipofílicas presente en el agua de
mar en las Rías Baixas Gallegas.
14. Las resinas «avisaron» de la presencia de de toxinas en el agua unas semanas antes de
que se implementara la primera cuarentena en el polígono de Bueu en 2006. El mo-
mento de reapertura de extracción se dio antes de que el resultado de toxinas en las
resinas fuera negativo.
15. La instalación de sistemas portadores de resinas in situ para la adsorción de toxinas en
el agua, puede constituir un método práctico y  barato de obtener toxinas para la
preparación de patrones.
16. Potencialmente, este método podría ser utilizado como alerta temprana, en zonas re-
motas y con baja frecuencia de acceso para monitoreo por motivos de clima y costes
(Ej. Fiordos y grandes extensiones de la región sur-austral de Chile, 42-53º S, 10ª-
12ª región de Chile).
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INTRODUCTION
Three groups of polyether toxins –okadaic acid and its derivatives (OA, OAs, okadaiates),
yessotoxins (YTXs), and pectenotoxins (PTXs)- are traditionally included in the «Diarrhoetic
Shellfish Poisoning» (DSP) toxin complex (Yasumoto et al. 1984, Yasumoto et al. 1987),
because they often co-occur and their toxins are co-extracted in the same lipophilic fraction
from plankton samples and shellfish. Further, the three groups are detected together by mouse
bioassays that provide a measure of bulk lipophilic shellfish toxin (LST) content. Nowadays it is
known that these three groups of toxins have different biological effects, that only the OAs are
diarrhoegenic, and that they can be analyzed with distinct analytical methods, facts that recently
led European health authorities (European Commission 2002) to regulate them separately. Up
until now, it has been shown that the sources of OAs are mainly planktonic marine dinoflagellates
of the genus Dinophysis (order Dinophysiales)–also the only known producers of PTXs- and
to a much lesser extent, epibenthic dinoflagellates of the genus Prorocentrum (order
Prorocentrales), and that the sources of YTXs are the planktonic dinoflagellates -Protoceratium
reticulatum (= Gonyaulax grindleyi) and Lingulodinium (= Gonyaulax) polyedrum – that
belong to the order Gonyaulacales. A fourth group of polyether toxins, the azaspiracids (AZP),
was recently described, also from the common lipophilic extracts, and the culprit organism was
found to be the large heterotrophic dinoflagellate Protoperidinium crassipes (order Peridiniales).
The production of different groups of polyether toxins by the same species, and the co-occurrence
in the plankton of species from different taxonomic orders which produce different lipophilic
toxins, explain past uncertainties in the identification of the causative agents of toxic outbreaks,
and discrepancies observed in results obtained with different toxin-detection methods.
There are few reports in which the presence of OAs in bivalves can be unambiguously
associated with epibenthic Prorocentrum spp. (Lawrence et al. 2000), that may require
re-suspension by high turbulence and/or storms to become available to filter-feeders in significant
amounts, but we cannot ignore the possibility that they pose a serious risk of intoxication for
minor exploitations of gastropods and sea urchins that browse on seaweeds where they are
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attached. This chapter is mainly focused on planktonic dinoflagellate species of the genus
Dinophysis, producers of OAs and PTXs, as they are by far the most important cause of
prolonged closures of shellfish harvesting due to detection of lipophilic toxins above regulatory
levels in Europe, Central and South America, Japan and New Zealand. We also mention scanty
information available on the producers of YTXs and AZP. The co-occurrence of different
dinoflagellate species which produce OAs, YTXs, PTXs and AZP is not uncommon in summer-
autumn phytoplankton assemblages in temperate seas, leading to the accumulation of complex
lipophilic shellfish toxin profiles, such as those described in New Zealand shellfish resources
(MacKenzie et al. 2002).
HISTORICAL  ANTECEDENTS
In 1955, a shellfish poisoning outbreak due to ingestion of cockles (Cardium edule) in
Óbidos Lagoon (Portugal) was associated with a bloom of Prorocentrum micans (Pinto &
Silva 1956). Nevertheless, the clinical description of the syndrome (lips tingling, numbness of
limbs, paraplegia) corresponded with that of paralytic shellfish poisoning (PSP). In 1961, a
toxic gastrointestinal (vomiting, diarrhoea) outbreak associated with consumption of mussels
was reported from The Netherlands, but the causative agent was unknown (Korringa & Roskam
1961). Later in 1970, more than 100 people suffered severe gastrointestinal disorders after
eating mussels, Aulacomya ater, from the Reloncavi Estuary in the southern Chilean province
of Los Lagos (Guzmán & Campodonico 1975, Lembeye et al. 1981). Hermosilla (Lembeye
et al. 1993) was probably the first to associate this event with a dense bloom of Dinophysis
(D. acuta), but his observations were not reported internationally until 1991. Kat (Kat 1979)
revised reports of diarrhoetic shellfish outbreaks in the Netherlands in the 1960’s and 1970’s
and rejected the possibility that either faecal contamination or allergies could explain the syndrome.
Observations of mussel stomach contents, with dominance of planktonic Prorocentrum spp.
(P. micans and P. minimum), and to a much lesser extent of Dinophysis acuminata, led Kat
to assume that P. micans and P. minimum were the causative agents of the intoxications.
Nevertheless, using rats as bioassay organisms, she was unable to reproduce the toxic effect of
wild mussels in those fed with P. micans and P. minimum cultures. Kat concluded that the
natural populations of Prorocentrum might have had associated bacteria, absent in laboratory
cultures, that conferred their toxigenic capabilities on them. Those were prescient interpretations
at the time -nowadays we know that there are bacteria-dinoflagellate associations that may
enhance dinoflagellate toxin production, and bacterial strains with diarrhoegenic potential- but
as in the case of Pinto and Silva (Pinto & Silva 1956), the main mistake was to assume that
dominant dinoflagellates in the plankton and in the mussels’ digestive tracts had to be responsible
for toxicity. These historical confusions, together with the fact that Prorocentrum lima (Lee et
al. 1989) and a large list of other epibenthic Prorocentrum spp. (Moestrup 2004) do produce
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diarrhoegenic toxins, explain why even today some experts still include the planktonic species
P. micans and P. minimum in their lists of potential producers of diarrhoegenic toxins.
It was not until the late 1970’s that a new syndrome, Diarrhoetic Shellfish Poisoning (DSP),
was described. Until then, DSP events were probably often mistaken for gastroenteritis of
bacterial origin. Severe gastrointestinal outbreaks occurred, in 1976 and 1977, among consumers
of mussels (Mytilus edulis) and scallops (Patinopecten yessoensis) in the prefectures of Miyagi
and Aomori (NE Tohoku, Japan). It was a fortunate coincidence that an eminent Japanese
chemist, Prof. Takeshi Yasumoto, himself suffered the consequences of these outbreaks. His
natural curiosity drove him to investigate the causes of intoxication after eating cooked bivalves,
and finally to isolate two fat-soluble thermostable toxins, and to implement a mouse bioassay
that allowed quantification of this kind of toxicity (Yasumoto et al. 1978, Yasumoto et al.
1979). Two years later, Yasumoto’s group identified the dinoflagellate Dinophysis fortii as the
causative agent of the intoxications by means of analyses of different size-selected plankton
concentrates with increasing percentages of this species (Yasumoto et al. 1980). Okadaic acid
(OA), a polyether previously isolated and described from the sponge Halichondria okadai
(Tachibana et al. 1981), was finally identified by Murata et al. (Murata et al. 1982) as the main
bioactive compound responsible for DSP.
After these findings, retrospective analyses of phytoplankton monitoring data and several
new severe intoxications affecting thousands of people in different European countries allowed
experts to confirm the association of these events with different Dinophysis spp. (D. acuminata,
D. acuta, D. norvegica) in NW Spain (Campos et al. 1982), the Netherlands (Kat 1983),
Norway (Tangen 1983, Dahl & Yndestad 1985), western Sweden (Krogh et al. 1985) and
Brittany (Lassus et al. 1985). New outbreaks were also reported from Thailand (Sudara et al.
1984) associated with the occurrence of D. caudata. The important fact established was that
other dinoflagellate species (i.e. Prorocentrum spp., Ceratium spp.) could be dominant
components of the phytoplankton assemblage at the time of these outbreaks, but that a few
thousand cells per litre of Dinophysis spp, or even a few hundreds, co-occuring with 105 to 106
cell l-1 of other phytoplankton species, were enough to render shellfish toxic to consumers.
Species of Dinophysis became target organisms in new phytoplankton monitoring programmes
established in the 1980’s. New phytoplankton sampling and counting protocols were established
so as to be able to detect Dinophysis spp in the water column, even at very low concentrations
(< 102 cell l-1), and alert health and fisheries authorities of the imminent arrival of toxins to
shellfish resources (Lindahl 1986).
In the mid 1980’s, the list of polyether toxins associated with Dinophysis spp events
started to grow. Besides the dinophysistoxins (DTX1, DTX3), derivatives of OA, two
new groups of polyether toxins were described: the pectenotoxins (PTXs) (Yasumoto et
al. 1984) and the yessotoxins (YTXs) (Yasumoto et al. 1987). Both of the new groups were
obtained from lipophilic extracts of Patinopecten yessoensis, one of the species involved in the
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Japanese outbreaks 10 years earlier, by the same extraction procedure as that for OA, and
could be detected in the standard mouse bioassay applied for control of DSP toxins in shellfish.
Consequently, PTXs and YTXs, together with OAs, were all included in the DSP toxin complex.
Progress in determination of toxin profiles in single dinoflagellate species was hindered by the
lack of established cultures of Dinophysis spp. As an alternative, Lee et al. (Lee et al. 1987)
developed a highly sensitive HPLC method that allowed chemical analyses of samples composed
of several hundreds of individually picked cells of Dinophysis. These first results showed that
OA and/or DTX1 were the main toxin components in Dinophysis spp, that only D. fortii
(Japanese strains) was found to contain PTXs, and that there were large differences in toxin
content per cell, even within the same species and locality (Lee et al. 1989). The origin of
YTXs remained unknown. Early analyses of lipophilic toxins in European mussels by HPLC led
to the conclusion that OA was the main toxin of concern at the time of Dinophysis occurrences
(Kumagai et al. 1986), and it became a common practise to equate results from mouse bioassay
(MBA) with those of HPLC analyses of OA alone (Marcaillou-Le Baut & Masselin 1990).
Nevertheless, discrepancies between the two toxin determination methods in the 1990’s led
experts to suspect the presence of other DSP-toxins in mussels. The lack of commercial standards
other than OA delayed resolution of these uncertainties. A new OA derivative, DTX2, was
finally reported in Irish mussels (Hu et al. 1992a), and its presence further confirmed in Galician
(Blanco et al. 1995, Gago et al. 1996) and Portuguese (Vale & Sampayo 1996, Vale &
Sampayo 2000) mussels and plankton hauls rich in D. acuta, and in picked cells of D. acuta
from Ireland (James et al. 1999) and Galicia (Fernández et al. 2001).
In 1995, intoxications with typical DSP symptoms detected in The Netherlands after
consumption of mussels that contained only traces of OA and DTX2, led to the report of
an unknown toxic agent, «K-toxin», in mussels from Killary Harbour (Western Ireland),
and the subsequent search for and description of a new group of lipophilic toxins, the
azaspiracids (Satake et al. 1998). Recently, large armoured heterotrophic dinoflagellates
of the genus Protoperidinium, known to feed on planktonic microalgae, were identified
as the causative agent of Azaspiracid Shellfish Poisoning (AZP) in samples of picked
specimen from natural populations (James et al. 2003).
A new step forward was the identification of two unexpected armoured gonyaulacoid
dinoflagellates, Gonyaulax grindleyi (=Protoceratium reticulatum) and Lingulodinium
polyedrum (= Gonyaulax polyedra) as the producers of YTXs. Highly toxic (according to
MBA results) green mussels (Perna viridis) exposed to a bloom of D. acuta and P.
reticulatum in New Zealand in 1996, revealed only trace amounts of OA and derivates by
HPLC analyses and ELISA assays. Chemical analyses of plankton concentrates and cultures
of P. reticulatum showed that the latter was the source of YTX derivates (Satake et al.
1997a, MacKenzie et al. 1998). The same year, two new YTX analogues, homoYTX and
45-OH homo YTX, were described in mussels exposed to a quasi-monoalgal bloom of
Lingulodinium polyedra in the Adriatic Sea (Satake et al. 1997b). The production of
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YTXs by this species in culture was demonstrated a few years later (Paz et al. 2004). Very
recently, and following detection of YTXs from an unknown source in New Zealand
shellfish resources, cultured isolates of Gonyaulax spinifera were identified as the probable
source of the toxins (Rhodes et al. 2006). It cannot be ruled out that the list of toxigenic
Gonyaulax spp. will increase in the near future as new species from different parts of the
world are isolated and tested.
Till the end of the 1990’s, little attention was paid to PTXs, considered then to be a
problem restricted to D. fortii proliferations in Japan. Nevertheless, improved analytical
methods in recent years by LC–MS applied to analyses of plankton hauls rich in Dinophysis
spp. and of shellfish (Draisci et al. 1996, Daiguji et al. 1998) led to the suspicion, confirmed
with numerous new reports, of a widespread presence of PTXs in Dinophysis spp.
THE UNAMBIGUOUS IDENTIFICATION OF TOXIGENIC MICROALGAE
The conventional procedure for unambiguous identification of the causative agent
of a toxic outbreak requires the application of rigorous stepwise protocols that include
taxonomic classification of the suspected organism, and characterization of toxins in: i) The
contaminated shellfish; ii) The planktonic populations to which the shellfish was exposed to, and
iii) Phytoplankton cultures established after isolation of the suspected causative agent from the
plankton (Reguera 2002a). This was the procedure followed to identify L. polyedra and P.
reticulatum as yessotoxin producers (Satake et al. 1997a, Paz et al. 2004). Knowledge of
the causative agents in other parts of the world may constitute a useful starting point, but does
not always work, as species with strains shown to be very toxic in one region may have weakly
or non-toxic strains elsewhere. In the case of Dinophysis spp, due to the lack of established
monoalgal cultures, the alternative has been either to pick hundreds of specimen from natural
populations by microcapillarity, or to analyze plankton hauls (or even better plankton size
fractions) rich in the target species of Dinophysis. Picking and transferring hundreds of Dinophysis
cells through drops of sterile seawater is a time consuming task, especially when the cells are
smothered by dense concentrations of diatoms, but recent technological improvements now
allow analyses with smaller and smaller samples, that range from one (with the most sophisticated
LC-MS systems) to a few dozen cells of Dinophysis or other potentially toxic dinoflagellate
species (Hardstaff et al. 2006). Single-cell picking was also the method applied for the
identification of Protoperidinium crassipes as an AZP source in Ireland (James et al. 2003).
The advantage of this technique is that it allows estimates of field values of toxin content per cell
that may be quite different from those observed in mass cultures.
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GLOBAL DISTRIBUTION
Distribution of Dinophysis spp.
Dinophysis is a cosmopolitan genus, and problems associated with their proliferation can
emerge in practically any shellfish cultivation area where the cells and their toxins are sought
with appropriate methods. Up to the present, 13 species of Dinophysis, i.e., all species that
have been isolated and analyzed, have been reported to contain OA derivatives and/or PTXs.
Obviously, these 13 species are the most abundant members of the genus, with more coastal/
neritic distributions, and the most likely to have significant impacts on shellfisheries. Many other
Dinophysis spp. reported in coastal areas, are present in such low concentrations (< 10 cell l-
1) that their analyses become an impossible task. Table 1 lists Dinophysis spp. confirmed to
contain lipophilic toxins, their global distribution, and their profile and toxin content. Figure 1
shows areas of the world where the presence of lipophilic toxins in shellfish has been related to
the occurrence of Dinophysis spp. It is not by chance that the reported distribution of toxigenic
Dinophysis spp. mirrors that of areas with intense shellfish exploitation and/or exports. Thus,
aquaculture installations, and especially the implementation of strict regulations for seafood safety,
act like the canary in the mine, making evident the presence of species that have always been
there.
Each region has at least one, and often several problem species of Dinophysis that are the
main curriers of toxins affecting shellfish resources. The various species of Dinophysis in a
particular locality can occur at different seasons and, when they co-occur, their individual
Figure 1. Distribution of reported presence of okadaiates and/or pectenotoxins in shellfish associated with
the occurrence of Dinophysis spp.
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contributions to the overall toxin content detected in shellfish samples is difficult to determine
unless species-specific analyses of picked cells are carried out. D. acuminata, the most
cosmopolitan Dinophysis species, can be found from the tropics to the Greenland Sea. Other
Table 1. List of Dinophysis species proved to contain toxins, their distributions, their toxin profile and their
toxin contents estimated from picked cells and net-haul concentrates.
Toxins (range) 
 (pg/ cell) 
Toxins (range) 
 (pg/ cell) 
Species Distribution 
Picked cells 
References 
Concentrates 
References 
D. acuminata Cold and warm temperate 
OA (nd-23) 
DTX1 (nd-60) 
PTX2 (0.9-180) 
PTX12 (0.2-1.6) 
[1, 2, 3, 4, 5] 
[1, 2, 4, 6] 
[4, 6] 
[4] 
OA (tr-170) 
DTX1 (0.1-2.4) 
PTX2 (2.4-25.8) 
PTX2SA (0.1-2.7) 
PTX11 (0.1-2-1) 
PTX11SA tr 
[15, 7, 16, 17, 18, 9] 
[18] 
[18] 
[18] 
[18] 
[18] 
D. acuta Temperate, cold-temperate 
OA (nd-85) 
DTX1 (nd-7) 
DTX2 (1-78) 
PTX2 (0.2-32.3) 
PTX2SA (nd-8.2) 
7epiPTX2SA (nd-
4.6) 
PTX12 (6.3-10.5) 
[7, 1, 8, 3, 4, 9, 10]  
[7, 1, 4] 
[8, 3, 9, 10] 
[4, 9, 10, 11]  
[4, 9, 10] 
[9, 10] 
 
[4] 
OA (tr-60) 
DTX1 (nd-0.1) 
DTX2 (nd-80) 
 
PTX2 (nd-107.5) 
PTX2SA (nd-6.5) 
7epiPTX2S nd 
DTX3 11.5 
PTX11 (4.7-80) 
PTX11SA (nd-0.7) 
PTX1i 47 
PTX1iSA 0.5 
OA esters (nd-10.2) 
[20, 21, 22, 3, 23, 24, 25, 18] 
[22, 3, 25, 18, 26]  
 
 
[20, 23, 28, 24, 25, 18, 26]  
[20, 23, 28, 25, 18, 26] 
[25] 
[23] 
[27, 18] 
[23, 18] 
[23] 
[23] 
[20, 18] 
D. caudata Warm temperate to tropical 
OA (nd-56.5) 
DTX1 (nd-53.9) 
PTX2 (100-127.4) 
[3, 12] 
[12]  
[11] 
PTX2SA, 7epiPTX2SA 
 
[29] 
D. fortii Cold temperate to tropical 
OA (nd-57.7) 
DTX1 (nd-191.5) 
PTX2 42.5 
[7, 2] 
[7, 2] 
[7] 
OA nd 
DTX1 (nd-252) 
PTX2 182 
[30] 
[30, 31] 
[32] 
D. infundibulus temperate PTX2 [13]   
D. miles tropical OA (5.7-25.0) DTX1(nd-10.7) 
[12] 
[12] 
  
D. mitra Warm temperate to tropical 
DTX1 10.0 [7]   
D. norvegica Cold waters 
OA (nd-0.8) 
DTX1 2.5-14 
PTX2 (0.3-1.7) 
PTX12 (0.1-0.8) 
[7, 4] 
[7] 
[4] 
[4] 
OA (32.6+5.2) [15] 
D. rotundata Cold to warm waters 
OA (nd-101) 
PTX2 0.8 
PTX2 (0.4-1.3) 
[7, 4] 
[4] 
[4] 
OA nd [15] 
D. sacculus Southern Europe, Mediterranean Sea 
OA (12.9-16.5) [14]* OA (tr-16.2) [14, 33, 34] 
D. tripos 
Warm temperate to 
tropical 
DTX1 36.0 [7]   
(nd=not detected; tr=traces)
1.Johansson et al. 1996, 2. Sato et al. 1996, 3. Fernández et al. 2001, 4. Miles et al 2004, 5. Blanco et al.
2006a, 6. Blanco et al. 2006b, 7. Lee et al. 1989, 8. James et al. 1998, 9. Fernández-Puente et al. 2004a, 10.
Fernández-Puente et al. 2004b, 11. Fernández et al. 2006, 12. Marasigan et al. 2001, 13. Suzuki et al. 2006,
14. Masselin et al. 1992, 15. Cembella et al. 1989, 16. Andersen et al. 1996, 17. Blanco et al. 2005, 18.
McKenzie et al. 2005, 19. Marcaillou et al. 2005, 20. Pizarro et al. 2008, 21. Edler and Hageltorn 1990, 22.
James et al. 1999, 23. McKenzie et al. 2002, 24. Suzuki et al. 2004,  25. Vale 2004, 26. Pizarro et al. 2006,
27. Suzuki et al. 2003, 28. Fernández et al. 2003, 29. Burgess et al. 2003, 30. Suzuki et al. 1997, 31. Suzuki
et al. 1999, 32. Suzuki et al. 1998, 33. Delgado et al. 1996,  34. Giacobe et al. 2000
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Dinophysis spp. have a much narrower latitudinal distribution: D. miles is restricted to the
tropics, and D. norvegica to cold-temperate waters of the northern hemisphere. D. sacculus
has only been reported in Europe, especially in Mediterranean coastal waters. From the viewpoint
of the magnitude of their impacts, the main problem species are: D. acuminata + D. acuta in
temperate waters (with D. norvegica in cold-temperate waters and the Baltic Sea); D. fortii
(with D. sacculus in the Mediterranean Sea) in warm-temperate seas, and a D. caudata + D.
tripos + D. miles assemblage in tropical and subtropical waters. Nevertheless, it would be too
simplistic to assign a range of temperature and salinity to each species on a global scale, as the
same species may have regional varieties or strains that grow well under quite different
thermohaline conditions. Thus, D. acuta on the Atlantic coast of Iberia is considered a stenohaline
and stenothermic species, with cell maxima at temperatures of 15-17ºC and salinities close to
35.5 psu (Reguera et al. 1995, Palma et al. 1998, Moita et al. 2006), whereas the same
species grows well at much lower temperatures and salinities in Chilean fjords (Lembeye et al.
1993). Another factor to consider is if the problem species is a permanent resident in coastal
waters of a region, or a seasonal visitor brought there by warmer/colder ocean currents.
The Intergovernmental Oceanographic Commission (IOC) has compiled references of
Dinophysis spp records associated with DSP toxin detection in their Taxonomic Reference List
of Toxic Algae (Moestrup 2004). Some recent additional reports can be found in Akselman et
al. (Akselman et al. 2006) for South America and in the IOC network on Harmful Algae in
North Africa (HANA 2007).
Distribution of Lingulodinium polyedra, Protoceratium reticulatum and
Protoperidinium crassipes
P. reticulatum is widely distributed in temperate and subtropical waters but rarely
forms water-discolouring blooms (Taylor 2004). It has been confirmed as the source of
YTXs in shellfish in New Zealand (MacKenzie et al. 1998), the Adriatic Sea (Ciminiello
et al. 2003), and Norway (Ramstad et al. 2001, Aasen et al. 2005). Lingulodinium polyedra
is a well known red tide-forming species in the Californian, North and South African
upwelling systems (GEOHAB 2005) and in the Adriatic Sea. It has been related to YTXs in
shellfish in the Adriatic Sea (Tubaro et al. 1998, Draisci et al. 1999), the Galician Rías Altas
(Arévalo et al. 2006) and on the Mediterranean coasts of Morocco (Tahri-Joutei et al. 2003).
Protoperidinium crassipes is so far the only dinoflagellate unambiguously identified as an
AZP source in Ireland (James et al. 2003). It is a frequently recorded but rarely abundant
species in temperate-cold temperate seas. AZP toxins, whether related or not to this dinoflagellate,
seem to be widespread in European Atlantic coastal waters (James et al. 2002, James et al.
2003).
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MORPHOLOGY AND TAXONOMY
Dinophysis spp.
Dinophysis (order Dinophysiales) is one of the largest genera of dinoflagellates, comprising
over 200 species (Sournia 1986). Cells are heterokont, i.e. the two flagella arise laterally; (one
beats longitudinally, the other transversally) and thecate, with three regions: epitheca (or epicone),
cingulum (or girdle) and hypotheca (or hypocone). Figure 2 shows a typical Dinophysis cell,
that can be divided into two lateral halves rather like a miniature bivalve. The armour or theca is
composed of 18 plates, but the two large (left and right) hypothecal plates, ornamented with
areolae of different patterns, comprise most of the body. Cells are very compressed laterally,
and normally lie on their left or their right hand side in fixed samples. The cingulum is short and
delimited by an anterior and a posterior funnel-like membrane or wing that may be supported
by ribs. The epitheca can be high and visible, or low and indistinguishable in lateral view. The
sulcus, difficult to see in lateral view, occupies a good part of the ventral side, and has a right
sulcal wing -small and difficult to distinguish- and a left sulcal wing -prominent and supported by
3 strong ribs. Originally, species with the epitheca showing above the cingular list in lateral view
were classified as Phalacroma, and there is still controversy about the splitting or fusion of
these two genera. Routinely, species of Dinophysis are distinguished by their size and contours.
Important diagnostic features to consider in their classification are: i) Size, shape and proportions
of the cell contour; ii) Areolation of the two large hypothecal plates; iii) Morphology of the left
sulcal list; iv) Presence or absence of chloroplasts (Balech 1976, Larsen & Moestrup 1992).
Figure 2. Structure of Dinophysis cell. (A) Right side view; aca, acp anterior and posterior cingular lists; E
depth of the epitheca; H depth of the hypotheca; L length; Em central axis; asd, asi right and left sulcal lists;
R1, R2, R3 the three ribs. (B) Ventral view. Shaded area corresponds to sulcus. (C) Apical view; E1-E4 epithecal
plates; A apical plates; Zm megacytic zone. (Modified from Balech 2002).
A      B C
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Figure 3 show micrographs of some of the most common Dinophysis spp. associated with
DSP outbreaks. Large Dinophysis spp., such as D. caudata and D.tripos, can measure more
than 100 µm in length, whereas most of other species fall into a 30-70 µm range.
Dinophysis spp. exhibit high variability in their morphology (size and shape of their large
hypothecal plates) and their cellular contents. Through the growing season of D. acuminata,
the most ubiquitous and persistent species of the genus in temperate coastal waters, cells can
appear thin and quite empty, or swollen with digestive vacuoles. The size composition of a
population can range from homogeneous to a bimodal distribution of large and small cells, or
even to a complex mixture of small, intermediate and large cells. This variability constitutes a
source of uncertainty, and is a nuisance in routine identification and counting carried out in
monitoring centres. A large part of the size and shape complexity within a given locality can be
explained by complex polymorphic life cycles (Reguera & González-Gil 2001), where large
cells can go through a reductionary division and produce two dimorphic offspring (with dissimilar
halves) that further lead to the formation of small gamete-like cells, traditionally classified as if
they were different species. Thus, each Dinophysis species has two extreme morphotypes: a
large form that corresponds to the vegetative cell, and a small form traditionally classified as a
separate species that is a stage of the sexual cycle. Examples of these pairs of large/small cells
are D. acuminata/D. skagii; D. acuta/D.dens and D. caudata/D.diegensis. Nevertheless, a
continuum of intermediate forms between the large and the small extremes can be found at
certain stages of a bloom. Cyst-like forms have been reported in natural populations of D.
acuta, D. caudata and D. tripos. These forms are very rare, represent a very small part of the
population (< 1%), and are suspected to play a minor role in the populations dynamics of
Dinophysis spp. (Escalera & Reguera submitted). Swollen, deformed cells full of digestive
vacuoles are the result of heterotrophic (Hansen 1991) or mixotrophic feeding (Jacobson &
Andersen 1994, Koike et al. 2000, Park et al. 2006).
Variability in the cellular contents is very obvious when live Dinophysis cells are examined
by epifluorescence microscopy. The first notable difference between phototrophic Dinophysis
spp. and other dinoflagellate genera is that they fluoresce orange. This is because - like small (5-
15 µm) cryptophyte flagellates, cyanobacteria, and the ciliate Mesodinium rubrum
(=Myrionecta rubra)- they have reddish accessory pigments called phycoerythrins. Dinophysis
cells can exhibit an intense orange colour throughout all or part of the cell (preferentially in the
peripheral part), or even have parts that fluoresce with a different colour. These peculiar
fluorescence characteristics led to a study of their ultrastructure and description of their peculiar
plastids with double membranes, distinct from the conventional peridinin-containing plastids of
other dinoflagellates (Schnepf & Elbrächter 1988). In recent years, DNA analyses of the plastids
of phototrophic Dinophysis spp. have shown that their sequences coincide with those of living
cryptophytes. An exception has been found in Dinophysis mitra, a species that contains plastids
of haptophyte origin (Takishita et al. 2002, Koike et al. 2005), but there is still controversy
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over whether the plastids are constitutive (acquired from endosymbiosis in the past) or
kleptoplastids derived from their prey (Takishita et al. 2002, Hackett et al. 2003, Janson
2004, Park et al. 2006). Resolution of this question should come from studies of the ultrastructure
of Dinophysis plastids and those of their prey.
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Figure 3. Micrographs of toxin-producing microalgae. (A) Dinophysis acuta. (B) Dinophysis acuminata.
(C) Dinophysis fortii. (D) Dinophysis sacculus. (E) Dinophysis caudata conjugated with a small D. diegensis-
like cell. (F) Pair of Dinophysis tripos. (G) Protoperidinium crassipes. (H) Dinophysis norvegica. (I) Dinophysis
rotundata full of digestive vacuoles. (J) Protoceratim reticulatum. (K) Lingulodinium polyedra live cultured
cell from CCVIEO culture colection. Scale bar, 20 µm in all frames.
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Lingulodinium polyedrum, Protoceratium reticulatum and Protoperidinium crassipes
Both Lingulodinium polyedrum (= Gonyaulax polyedra) and Protoceratium reticulatum
(= Gonyaulax grindleyi) belong to the order Gonyaulacales, the same order in which most
PSP species (Alexandium spp., Pyrodinium spp.) are included. Within this order, they are
small-medium-sized (15-35 µm) members of the gonyaulacoids, characterized by the
displacement of their cingulum; the thecal plates have species-specific tabulation formulae that
are used for their taxonomic classification (Taylor 2004). The epithet polyedrum refers to the
regular polyhedral shape of Lingulodinium, whereas that of reticulatum refers to the coarse
reticulated structure of the thecal plates of Protoceratium. Both species are photosynthetic
and can be grown in standard culture medium for dinoflagellates (Paz et al. 2004). Nevertheless,
under certain physiological and environmental conditions, both species can feed mixotrophically
(Jacobson & Anderson 1996, Jeong et al. 2005).
Protoperidinium crassipes, Order Peridiniales, is a large (80-100 µm) heterotrophic
species. Specimens are slightly wider than longer, with wall of the epitheca and the
hypotheca markedly concave (Dodge 1982). Like other Protoperidinium species, P.
crassipes is a pallium-feeder, i.e. extends a spider web-like structure or pseudopodium
called a pallium to trap prey (other diatoms and dinoflagellates); digestion is extracellular
(Jacobson & Anderson 1986). Successful cultures of P. crassipes on Lingulodinium polyedra
have been described (Jeong & Latz 1994).
ECOLOGY
Until the discovery of D. fortii as the agent of DSP outbreaks (Yasumoto et al. 1980),
little attention was paid to Dinophysis spp. with the exception of some keen taxonomists
interested in exotic phytoplanktonic organisms. One reason may be that Dinophysis species
are rarely abundant members of the microplankton (20-200 µm) community, i.e. they do not
reach high densities (106 cell l-1) and form «red tides» that discolour the sea; they cause toxic
outbreaks at concentrations of 1-5 · 102 - 104 cell l-1, often a small fraction (1-5%) of the total
phytoplankton assemblage. Another common characteristic of Dinophysis spp. is their tendency
to aggregate in thin layers of the water column. Thus, their scarcity and patchiness renders
sampling a cumbersome task, and tracking maximum population densities can be a matter of
luck -sampling the right depth at the right moment- or of carefully planned sampling with very
high vertical resolution by means of advanced instrumentation (Gentien et al. 1995, Gentien et
al. 2005). Exceptionally, there have been reports of «red waters» of Dinophysis in Chile (Guzmán
& Campodonico 1975), Scotland (MacDonald 1994), Canada (Subba Rao et al. 1993),
Norway (Dahl et al. 1996) and India (Santhanam & Srinivasan 1996). Rather than originating
from intense growth, these red tides of Dinophysis seem to have been the result of physically
driven accumulation (winds, convergences) combined with upward vertical migration of the
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cells that allowed them to remain near the sea surface despite downwelling. This kind of physical-
biological interaction is quite common among flagellates with good swimming capacity (Fraga
et al. 1988, Figueiras et al. 1994), and not exclusive to Dinophysis spp.
Maestrini (Maestrini 1998) provides a comprehensive review of the bloom dynamics and
ecology of Dinophysis spp., with a worldwide compilation of different scenarios of Dinophysis
spp. development. The review describes how the same Dinophysis spp. is able to form blooms
by different mechanisms in a given locality. The main weakness of many of these examples is the
lack of information on in situ division rates (µ), a key parameter needed to decide whether
increased numbers result from active division or rather from physically-driven accumulation.
Maestrini (Maestrini 1998) identifies important gaps in knowledge that include: i) Life cycle
description and overwintering strategies; ii) Nutritional sources; iii) The passive or active character
of cell aggregation. Progress achieved since that review is summarized below.
Bloom dynamics, life cycle and overwintering strategies
Variability in the distribution of Dinophysis spp. has to be considered on different time
scales ranging from daily (circadian rhythms), to seasonal and interannual. Daily migration, from
10 m at night to 3-5 m at mid-day has been reported for D. acuta (MacKenzie 1992) and D.
acuminata (Villarino et al. 1995), but the same species may not perform any vertical migration
at certain phases of population growth (Reguera et al. 2006, Pizarro et al. 2008). In contrast,
D. norvegica in the Baltic Sea seems to be always detected in deeper waters in the pycnocline
region in the Baltic (Carpenter et al. 1995, Kuuppo et al. 2006) perhaps to avoid the extremely
low-salinity waters of the upper layer. Each Dinophysis spp. predominant in a locality exhibits
its species-specific seasonality, and when several species co-occur they usually occupy different
water masses, as is usually the case with the pair D. acuminata/D. acuta in Western Iberia
(Palma et al. 1998, Escalera et al. 2006b). The onset of salinity and/or temperature-driven
stratification (density gradients) in the water column as an apparent pre-requisite for the initiation
of numerical increase associated with in situ growth has been confirmed in different locations
with improved vertical resolution sampling. The optimum gradients for Dinophysis development
may be established under different scenarios, such as late winter and heavy runoff in the case of
D. cf acuminata blooms in Greek waters (Koukaras & Nikolaidis 2004), moderate upwelling
and increased insolation in spring for D. acuminata blooms in the Galician Rías (Pazos et al.
2005), or late summer temperature-driven stratification combined with moderate upwelling for
D. acuta blooms in Iberian waters (Escalera et al. 2006b, Moita et al. 2006). Nevertheless,
very high concentrations may be reached in a matter of days due to wind-induced cross-shelf
and/or along-shore transport of shelf populations into coastal waters, as is the case with autumn
blooms of D. acuta in the Galician Rías (Escalera et al. 2006a). In places where two species of
Dinophysis cause problems, multiannual changes in the expansion or contraction of their
populations, and hypothetical climate change-driven replacement of one species by the other
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may be observed. In such cases, time series analyses may provide insight into the autoecology
of each species, and improve long-term prediction capabilities.
In situ growth rate estimates for Dinophysis spp., with maximum values around one
doubling per day (µ = 0.7 d-1) (Chang & Carpenter 1991, Garcés et al. 1997, Reguera et al.
2003), have shown that cell division occurs at the onset of light, but timing varies between
species. There has been considerable progress on the description of the life cycle of Dinophysis
spp. (Reguera & González-Gil 2001, Koike et al. 2006, Reguera et al. 2007, Escalera &
Reguera submitted). The formation of small cells from normal vegetative cells is a reversible
process that endows Dinophysis with physiological plasticity in the face of varying environmental
conditions. An important question is to decide whether the inoculum results from the aggregation
of scattered overwintering cells or from residual populations located in retention areas, such as
eddies or gyres. Some new results off the Loire Estuary (Brittany), supported by hydrodynamic
models, suggests that overwintering populations of Dinophysis acuminata may be gathered in
retention areas or «incubators» on the shelf, that can be transported to coastal areas (Xie et al.
2007). The scarcity of cysts in natural populations of Dinophysis and the permanent presence
of planozygotes during the growth season of D. acuminata (Gentien et al. 2004) support the
hypothesis that planozygotes, rather than permanent cysts play a major role in the initiation of
blooms (Escalera & Reguera submitted).
Nutritional sources
During the last 15 years, considerable efforts have been invested to determine the nutritional
sources of phototropic species of Dinophysis, and attempts have been made to grow them in
all sorts of enriched media, with or without additions of small prey organisms (Maestrini 1998).
In the luckiest cases, picked cells, incubated in cell culture plates, underwent 4 or at most 6
divisions, and when transferred to fresh medium, small cells started to appear and the cultures
did not progress in a conventional way (Ishimaru et al. 1988, Sampayo 1993, Nishitani et al.
2003). A key observation by Hansen (Hansen 1991) was that the heterotrophic Dinophysis
(Phalacroma) rotundata can feed on the ciliate Tiarina fusus after piercing its lorica with a
feeding peduncle and sucking its contents, a feeding mechanism known as «myzocytosis»
(Schnepf & Deichgräber 1984). Later, remains of ciliates were found in the digestive vacuoles
of D. acuminata, D. norvegica and D. fortii (Jacobson & Andersen 1994, Koike et al.
2000), thus providing evidence of the mixotrophic behaviour of phototrophic Dinophysis spp.,
but nobody had seen in nature what the potential prey of Dinophysis might be. More recently,
Setälä et al. (2005) showed that D. acuminata populations located in deep (> 70 m) waters in
the Baltic Sea exhibited poor photosynthetic activity compared with those from subsurface
water layers. In the same region, Gisselson et al. (Gisselson et al. 2002) found that D. norvegica
cells aggregated in the thermocline at 15-20 m depth had a division rate (up to 0.4 d-1) that
could not be supported with the observed 14C uptake rates. This observations and the presence
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of digestive vacuoles in 2-22% of the population led them to suggest that the thermocline may
provide D. norvegica cells with their suitable prey.
Advances in molecular biology allowed further advances in the understanding of Dinophysis
nutritional behaviour. Janson (Janson 2004) found that portions of the ribosomal DNA that
code the plastids of D. acuminata are identical to those with the same function for plastids of
the cryptophyte Teleaulax amphioxeia. Attention was diverted to a potential cryptophyte
prey, but nobody managed to grow Dinophysis on them. Takahashi et al. (Takahashi et al.
2005) confirmed the cryptophyte-like sequence of the plastids of several DSP toxin-producing
Dinophysis spp., and even developed genus-specific molecular probes that, as a very innovative
early warning system, could be bound to cryptophytes with a plastid sequence like that of
Dinophysis spp. plastids, and detect the prey before the build-up of Dinophysis populations.
Recent results from Park et al. (Park et al. 2006) have shown that D. acuminata can exhibit
similar feeding behaviour (myzocytosis) as the heterotrophic D. rotundata. Dense yields (> 106
cell l-1) of D. acuminata were obtained in cultures in which the ciliate Mesodinium rubrum -
fed with a cryptophyte, Teleaulax sp.- was provided as prey for the dinoflagellate. Division
rates (µ = 0.9 d-1) were much higher than values previously obtained in unsuccessful short-term
experiments, and were higher than maximum values estimated in situ (Reguera et al. 2003).
This may be because Park et al. (Park et al. 2006) used continuous illumination in their cultures,
and division in the field is in triggered by the onset of light. These multispecific cultures are quite
complex, and require more maintenance efforts than conventional monoalgal cultures.
Nevertheless, the results of Park et al. (Park et al. 2006) constitute a real breakthrough that
opens new avenues for research on Dinophysis spp., so far hampered by the lack of established
cultures. From the ecological point of view, these results raise lots of new questions: Is
Mesodinium the main (or the only) prey in natural populations of phototrophic Dinophysis
spp? Can Dinophysis survive on other nutritional sources when Mesodinium is not available?
Does Dinophysis perform photosynthesis with plastids stolen from Mesodinium, or does the
ciliate act only as an exogenous nutritional source?
Cell aggregations in discontinuity layers
Maestrini (Maestrini 1998) poses the question, do dense vertically-patchy populations of
Dinophysis result from active or passive concentration, from growth or from a combination of
both mechanisms? Reguera et al. (Reguera 2002b) observed that estimates of in situ division
rates at the depth of the Dinophysis cell maxima can be almost double those estimated from
integrated water column samples. This observation suggests that cells aggregated in the density
discontinuity layer are the most active. Nevertheless, observation of D. norvegica populations
during an experiment in the Baltic (Carpenter et al. 1995) showed that cells aggregated in the
pycnocline were not dividing at all. More observations on different scenarios and species, and
at different phases of population growth, will be needed to resolve this question, but most field
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vertical distributions of Dinopysis spp. show that, whether as a result of active (swimming,
division) or passive (physically driven accumulation) processes, discontinuity layers seem to
provide a signal for aggregation. These layers may also constitute an optimum niche regarding
decreased turbulence, higher densities of dissolved organic matter and of potential prey organisms,
and a reference point to enhance reproduction, release of growth factors and other biological
processes of an otherwise very dispersed organism (Gentien et al. 2005).
TOXIN PROFILE AND TOXIN CONTENT (CELL TOXIN QUOTA)
The toxin profile is defined here as the relative contribution (percentage) of different toxins
to the overall toxin content or cell toxin quota of a species or a strain. Toxin content or cell toxin
quota is a quantitative term that refers to the amount of toxin accumulated per cell. The toxigenic
capability of a dinoflagellate bloom depends on its cell concentration, but most importantly on
the toxin profile and cell toxin quota, and on the ratio of toxigenic cells to the total particulate
matter filtered by the bivalves (Blanco et al. 2005).
Influence of collection and extraction procedures on toxin profiles and toxin content
estimates
The pioneer work of Lee et al. (Lee et al. 1987, Lee et al. 1989) provided a sound
analytical method to determine toxin profiles and cell toxin quota in different species of
Dinophysis that had never been established in culture. The main inconvenience of the
method was the time-consuming task of picking out individual cells, and to avoid that,
estimates from multispecific plankton net-hauls were often carried out as an alternative.
In the latter, the total amount of toxins determined from a fixed volume of a plankton
haul or concentrate is divided by the number of Dinophysis cells present in that volume.
Table 1 shows estimates of toxin content per cell from individually picked cells of
Dinophysis, the only unambiguous way to ascribe a toxin profile and toxin content to a
single species of Dinophysis. Table 1 also shows estimates from either bulk Dinophysis-
rich plankton hauls or size-selected plankton concentrates, both comprised of multispecific
plankton populations. Estimates from multispecific populations have several sources of
error: i) It is assumed that all extracted toxins derive exclusively from cells of Dinophysis;
ii) The method does not allow estimates of species-specific contributions to the overall cell toxin
quota when several species of Dinophysis co-occur; iii) Possibilities of disruption of cells and
enzymatic transformations of toxins during the concentration procedure are ignored. With respect
to the first assumption, the complex trophic relationships that exist within the same size classes
in the pelagic food web (Stoecker et al. 2006), where other heterotrophic dinoflagellates or
microzooplankton may feed on Dinophysis spp. and act as vectors of toxins (Maneiro et al.
2000), need to be considered. As an example, Miles et al. (Miles et al. 2004) found OA (up to
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8.8 pg cell-1) and PTX2 (up to 41.2 pg cell-1) in picked cells of heterotrophic Protoperidinium
spp. (P. depressum, P. divergens, P. crassipes). In such cases, the cell toxin quota of
Dinophysis would be overestimated. An attempt to separate species-specific contributions in
samples in which various Dinophysis spp. co-occured was made by Blanco et al. (Blanco et
al. 1995) by means of backward-propagation multiple regression analysis. In that case the
assumption was, for each subset of data analyzed, that each species of Dinophysis had a
constant cell toxin quota. In conclusion, only estimates of toxin profiles and cell toxin quota from
net-hauls with overwhelming dominance of single target species can provide reliable results;
analyses of accompanying species should also be reported to reject the possibility of contributions
from heterotrophic dinoflagellates, and to provide information on the accompanying assemblage
of planktonic material.
New findings since the mid 1990’s force us to be even more cautious (or sceptical) in our
interpretations of past estimates of toxin profiles and cell toxin quota. A key observation on
cultures of epibenthic Prorocentrum spp. was that a large proportion of the OA-related toxins
can be stored in the cells as the less toxigenic sulphated esters (mainly DTX4 and DTX5); these
are hydrolized to diol esters and to their acidic forms (more toxigenic) during extraction
procedures by enzymes liberated from the cell lyzosomes (Hu et al. 1992b, Quilliam et al.
1996). Thus, to describe the real toxin profiles of the cells, a previous boiling (baine-marie) of
the cells to inactivate their enzymes before toxin extraction would be required. Recent studies,
with specifically designed extraction procedures, suggest that sulphated compounds of OA are
also important in Dinophysis spp. (MacKenzie et al. 2002, Moroño et al. 2003) (see a
knowledge summary of diol-esters and other OAs detected in dinoflagellates in Figure 4A).
More recently, Johansen et al. (2006) have claimed that cell concentration procedures (pumps,
nets, etc.) may exacerbate the release of toxins to the medium by intact cells.
The occurrence of sulphated forms of OA is not a constant feature in cultures of epibenthic
Prorocentrum spp. The absence of sulphated forms was confirmed in cultures of P. lima
(strain PL2V) (Paz et al. 2007). In contrast, large amounts of DTX5c-like sulphated toxins
were found in cultures of P. belizeanum (strain PBMA01) grown under the same experimental
conditions and with the application of identical toxin-extraction procedures (Cruz et al. 2006).
These results led the last authors to the hypothesis that diol-esters are intermediate forms,
derived from OA, which may give way to sulphated compounds, as final products, following an
elongation of the side chain of OA.
Discrepancies have been found, both qualitative and quantitative, in estimates of toxicity
from cells collected during the same event, depending on the collection procedure. Masselin et
al. (Masselin et al. 1992) found that cellular toxin content values were up to one order of
magnitude higher in analyses of picked cells compared with those obtained from plankton
concentrates. Similar results were described by Blanco et al. (Blanco et al. 1995), who found
that discrepancies were reduced as the plankton concentrates were more and more diluted.
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Here, it may be that the accompanying assemblages in bulk plankton hauls interfere with the
analyses, but more recently, Pizarro et al. (Pizarro et al. submitted) estimated a higher cell toxin
quota in net-haul specimen than in picked cells. PTX2SA, a derivative of PTX2 from enzymatic
conversion in shellfish (Suzuki et al. 2001) has been found in plankton hauls rich in D. acuta
and D. caudata, but not in picked cells of the latter species (Fernández et al. 2003, Fernández
et al. 2006). These results suggest that PTX2SA in plankton concentrates results from enzymatic
conversions after cell breakage, or from secretions of accompanying plankton species; such a
conversion has been demonstrated in Thalassiosira weissflogii cultures (Windust et al. 2000).
One advantage of toxin estimates from dense plankton concentrates is that they allow identification
of toxins that represent a very small percentage of the total profile, and that could easily be
overlooked in small picked-cell samples. Nevertheless, it will not be possible to confirm if rare
toxins in a bulk plankton extract correspond to a suspected toxin producer, or are the result of
bioconversion by the accompanying material. Figures 4B, C shows a summary of possible
transformations of the OAs and PTXs that result either from enzyme-mediated processes or
are handling artifacts.
In conclusion, data on toxin profiles and cell toxin quota of Dinophysis have to be interpreted
with caution and careful readings of the collection, extraction, and analytical procedures used.
Extreme care with handling procedures is necessary with plankton concentrates; they should be
filtered and deep-frozen as soon as possible, or diluted to keep the cells in better condition if
processing has to wait for transportation to the laboratory. Frequently, only OA and DTX1
were sought in chromatographic analyses in the past, either because they were the only toxins
suspected to be present in the cells, or because there were no certified standards available to
explore the presence of other toxins. In other cases, chromatographic conditions may have
been optimized for the detection of only one group of toxins (i.e. PTXs) in detriment to optimal
detection of other groups (OAs).
Variability in toxin profiles of Dinophysis spp.
It has been proposed that the toxin profile of a given strain of a toxigenic species is genetically
determined, and only minor changes in this profile should be expected in response to
environmental conditions (Ishida et al. 1998). Within Dinophysis spp., an intriguing question is
whether the toxins found in heterotrophic species, such as D. rotundata, are synthesized de
novo or are derived from their prey. Unfortunately, toxins have never been analyzed during
experiments on D. rotundata feeding on Tiarina fusus (Hansen 1991), a planktonic ciliate
reported to feed itself on Lingulodinium polyedra and other harmful algal species in laboratory
cultures (Jeong et al. 2002). The same point can be made about the heterotrophic azaspiracid-
producer Protoperidinium crassipes, that has been cultured using Lingulodinium polyedra
as prey (Jeong & Latz 1994).
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Figure 4.  (A) Knowledge summary of diol-esters and other okadaiates detected in dinoflagellates Dinophysis
spp. and Procentrum spp. (B) and (C) Simplified diagrams of possible enzymatic- and non enzymatic-
mediated conversions of okadaiates and pectenotoxins from microalgae to shellfish.
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Recent results obtained with LC-MS analyses show that any species of Dinophysis may
have either OAs or PTXs or both, but with very different proportions between species, and
between strains of the same species from different regions. Table 1 shows that differences in
toxin profiles between strains are just as marked as those between different species. Some
clear-cut features from the available results, are summarized in Table 1. D. acuta strains from
northwest Spain, Portugal and western Ireland usually have OA and DTX2 as okadaiate-
components of their profile, whereas strains of the same species from Sweden and Norway
have OA and DTX1; D. acuminata is the main OA source in Iberian and French coastal
waters and DTX2 and PTXs have never been found (so far) in single cell isolates of D.
acuminata, nor in plankton extracts or mussels exposed to blooms of this species in Iberian
waters, while in strains from Norway and New Zealand PTXs are predominant, and are the
only toxins detected in strains from Northern Chilean waters. The toxin profile of Japanese
strains of D. fortii -the first Dinophysis sp reported to contain PTXs- is dominated by DTX1
and PTX2.
Another important issue is to establish whether there are non-toxic strains of given species
of Dinophysis spp. proved to be toxigenic in other parts of the world. A good example is that
of Dinophysis on the eastern coasts of the United States. During two years monitoring in
Narragansett Bay, only one shellfish sample was reported to have DSP toxins associated with
Dinophysis (Maranda & Shimizu 1987) and DSP outbreaks are not considered a problem
there. During an exceptional bloom of D. acuminata in Chesapeake Bay in 2002 (Marshall et
al. 2004, Tango et al. 2004), HPLC analyses were used to explore the presence of OA only,
and values below regulatory levels were detected; shellfish species tested during this bloom
were oysters (Crassostraea virginica). But oysters in Japan and in Galicia exhibit very low
DSP levels, or none at all, when other bivalves nearby reach high toxin concentrations (Kotani
et al. 2001, Arévalo pers. comm.). Furthermore, in cases when PTXs are the dominant
components of the toxin profile during Dinophysis spp. blooms, and the commercially-exploited
bivalves analysed are species with high conversion-rates of PTX2 to PTX2SA, routine monitoring
analyses by MBA will reflect a practical absence of lipophilic shellfish toxins. High PTXs levels
have been found in recent LC-MS analyses of picked cells of D. caudata from NW Spain
(Fernández et al. 2006). This species had previously been considered harmless on the basis of
its very low OA content as determined by HPLC and by phosphate inhibition assays (Holmes
et al. 1999, Fernández et al. 2001). The dominance of PTXs in toxin profiles of D. acuminata
strains from western Japanese coastal waters may also explain why DSP outbreaks there are
not a major problem. In summary, only in those cases where the presence of both OAs and
PTXs have been explored with appropriate methods can we be certain that a species of
Dinophysis lacks toxins.
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and strains of other microalgal species (Marín et al. 2001a, Marín et al. 2001b, Edvardsen et
al. 2003, Hart et al. 2007); sequences of plastid DNA show no differences among the
phototrophic Dinophysis spp. tested, nor between these and the plastid sequences of some
small (8-15 μm) cryptophytes of the genus Teleaulax (Takishita et al. 2002). As a result, DNA
probes able to separate Dinophysis at the species level and to find differences between strains
of the same species are still on a developmental stage.
Field data on toxin profiles of Dinophysis spp. are few and scattered in space and time.
Assumptions of a constant toxin profile have been made on the basis of a small number of
samples, mainly collected at the time of Dinophysis spp. maxima. But even if the hypothesis of
a genetically determined (constant) toxin profile is accepted, this may apply separately to each
group of toxins: different environmental conditions may enhance the production of OAs and
PTXs in different ways, and lead to different OAs/PTXs ratios. An intriguing question is why
PTXs predominate in some strains of Dinophysis, but are scarce or absent in other strains of
the same species where OA and DTXs are the dominant components of the toxin profile. There
is biosynthetic evidence that most polyether toxins are produced through polyketide pathways
in which acetate is the common building block (Shimizu 1996). Thus, although OAs and PTXs
have different chemical structures and different biological effects, both groups may be synthesized
from a common precursor. If that is the case, different sets of environmental conditions, different
physiological conditions, or different phases of the population, in conjunction with the genetic
characteristics of different species or strains, may trigger processes leading to formation (and
predominance) of one group of toxins or the other.
Variability in cellular toxin content
There is no experimental data on toxin production rates in cultures of Dinophysis spp.; the
only information available is on toxin content per cell. Both terms are confused, and observations
of high toxin content per cell are often misinterpreted as cells with a high toxin production rate.
Figure 5. Vertical distribution of Dinophysis acuminata during a 24 h sampling in a Galician ría. (Modified
from Reguera 2002).
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To establish if differences in toxin profiles are due to genetic variability between strains of
the same species, DNA analyses are required. Nevertheless, polymerase chain reaction (PCR)
Variability in cellular toxin content
There is no experimental data on toxin production rates in cultures of Dinophysis spp.; the
only information available is on toxin content per cell. Both terms are confused, and observations
of high toxin content per cell are often misinterpreted as cells with a high toxin production rate.
It is important to remember that toxins are secondary metabolites, and that the toxin content
(accumulation) per cell results from a balance between toxin production rate, toxin excretion,
and cellular division (that dilutes the toxin produced by the mother cell between two offspring).
Imbalances between these processes may lead to very low accumulation rates of toxins (if
either division rates or toxin release rates are high), or high accumulation rates (if division stops
and toxin production continues). Cell size should always be taken into account in relation to
variability in toxin content. The balance between growth, stress, and toxin production was
discussed by Flynn and Flynn (Flynn & Flynn 1995), but toxin release has not so far been
considered in toxin production and accumulation budgets.
At present, possible sources of variability of toxin content per cell in Dinophysis are
inferred from observations of natural populations or by extrapolation of results obtained
with cultures of epibenthic dinoflagellates (i.e. Prorocentrum lima) used as a model
organism. MacKenzie et al. (2004), with «Solid Phase Adsorbtion Toxin Tracking»
(SPATT) resins, i.e. resins able to adsorb in situ lipophilic toxins from the water, have
shown that toxins are continuously released by Dinophysis cells. This observation is not
surprising, since secretion of sulphated forms of OA, and of YTXs has been observed in
monoalgal cultures of Prorocentrum lima (Rausch de Traubenberg & Morlaix 1995b) and
Protoceratium reticulatum (Paz et al. 2004, Paz et al. 2006a, b) respectively. Nevertheless,
neither in the cultures of P. lima and P. reticulatum, nor in natural populations of Dinophysis,
is it clear if the released toxins come from old leaky cells, from broken or dead individuals, from
active secretion by healthy cells, or from a combination of all these sources. In the field, additional
sources to consider are excretions -rich in Dinophysis and/or their toxins- from the zooplankton
(Maneiro et al. 2002) and from shellfish (faeces, pseudofaeces) (Kuuppo et al. 2006) in which
the original toxin profiles of the dinoflagellate may already be transformed.
Pan et al. (Pan et al. 1999) found that in cultures of Prorocentrum spp. toxin production
stops in the dark, and Zhou and Fritz (Zhou & Fritz 1994) showed that OA is mainly localized
in the peripheral chloroplasts. These observations led to the conclusion that toxin production is
light-mediated. Nevertheless, high estimates of OAs per cell were obtained in a few isolated
analyses of the heterotrophic D. rotundata (Cembella 1989). In cultures of Prorocentrum
hoffmannianum, toxin production rates are similar to growth rates, with maximum values
observed during the exponential phase (Aikman et al. 1993, Rausch de Traubenberg 1995a,
b), but other studies show that production continues in the stationary phase after division has
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ceased (Jackson et al. 1993, Holmes et al. 2001). Increased toxin content per cell in incubations
of picked cells of D. acuta and D. acuminata was interpreted as a response to nitrogen and/
or phosphorus limitation (Johansson et al. 1996), but a similar increase was observed in cells of
D. acuta maintained a few days in untreated seawater from the same location where they were
collected (Fernández et al. 2001).
Some new field experiments may improve our understanding of the relationship between
growth and toxin content in Dinophysis spp. In Sweden, large differences in the intensity and
frequency of DSP outbreaks in two contiguous fjords puzzled experts in the area for many
years (Haamer et al. 1990). During a systematic search for OAs content per cell in the two
areas, Lindahl et al. (Lindahl et al. 2006) found a negative correlation between Dinophysis (D.
acuminata + D. acuta) cell density and toxin content. Maximum values (17 pg OA cell-1) were
found in low-density populations of the outer Gullmar Fjord, and minimum values in high-density
populations in the pycnocline in the semi-enclosed Koljö Fjord. In contrast, Pizarro et al.
(Pizarro et al. 2006) found increasing values of toxin per cell in a population of D. acuta, in the
Galician Rías, that reached its peak concentration in November as a result of physical transport
(Escalera et al. 2006a); in this instance, values of toxin per cell were negatively correlated with
estimated in situ division rates, and positively correlated with cell density. It is possible that in
Lindahl et al.’s study (Lindahl et al. 2006) the high-density populations of Dinophysis located
in the pycnocline in the semi-enclosed Koljö Fjord resulted from a high division rate of cells
aggregated at their optimal depth, whereas the low-density population in the Gullmar Fjord had
a lower division rate and a higher accumulation of toxin per cell as a result of an imbalance
between growth and toxin production. Nevertheless, PTXs were not considered in this study,
and may have made an important contribution to the toxin profile.
This discussion makes it clear that to improve interpretation of field observations of toxin
content per cell, they should preferably be accompanied by other biological observations (cell-
size, growth rate, cell vacuolation, phase of the population) and environmental conditions. The
mixotrophic feeding behaviour of Dinophysis spp. has been pointed to as a possible explanation
of the high variability of toxin content per cell, but a range of 25X has been observed in YTXs
content in conventional cultures Protoceratium reticulatum (Paz et al. 2006a, Paz et al.
2006b). Nevertheless, the definitive answer on the causes of intraspecific differences in toxin
content per cell should await improvements in genetic studies to assess intraspecific genetic
variability in Dinophysis spp.
RELIANCE ON «TRIGGERING  LEVELS» OF DINOPHYSIS AND OTHER
LIPOPHYLIC TOXIN PRODUCERS
Cell concentrations of potentially toxic planktonic microalgae have often been used as a
guide to trigger intensification or even initiation of toxin analyses in shellfish growing areas
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(Anderson et al. 2001, Todd 2004). To rely on cell counts as an early warning for the presence
of phycotoxins in shellfish may prove useful in the case of toxigenic species that: i) Are very
seasonal, ii) Their inoculum population develops in situ or in easy to track offshore waters that
are advected to the shellfish grounds, and iii) Need to reach high cell numbers to cause harmful
effects. Obviously, to decide if these criteria are met requires a sound knowledge of the annual
succession and dynamics of local plankton populations in response to environmental forcing
(runoff, winds, tidal regime, etc.). Nevertheless, the use of cell concentrations as a trigger to
initiate analyses of toxins in shellfish cannot in general be considered good practice to protect
public health and to regulate shellfish marketing. This is especially so in the case of toxic microalgae
of the genus Dinophysis, the main cause of bivalve harvesting closures on the Atlantic coasts of
Europe, that i) Are always present in the plankton; ii) Often constitute a small percentage of the
total phytoplankton population, and iii) Can render shellfish unsuitable for human consumption
at very low cell concentrations (1-2 · 102 cell l-1).
In previous sections, enough reasons have been provided that serve against the routine
application of «triggering levels» in monitoring systems. These and some additional reasons
can be summarized in four main issues:
Spatial and temporal variability of cell distributions
Distributions of Dinophysis spp. and other swimming dinoflagellates are extremely
variable in time and space. Patchiness results from physical-biological interactions, such
as aggregation of dinoflagellate cells in the pycnocline, persistence of swimming organisms
in convergent hydrographic cells and transient retention features. Further, physical
advective processes, such as those observed during wind reversal, downwelling events,
etc. can cause the accumulation of high concentrations of toxigenic cells on time scales
of 1-2 days, i.e., shorter than the frequency of routine phytoplankton sampling or toxin
monitoring. Large differences (over one order of magnitude) in concentrations can be
observed throughout a daily cycle due to circadian rhythms in vertical migration, and to
the concentration and dispersion effect of tides (Fig. 5).
There is possibly no monitoring programme in the world with a sufficient coverage of
stations (spatial) and frequency (time) of sampling to provide, based only on cell counts, an
«operational» forecast of the distribution of potentially toxic cells that can become accessible to
bivalve feeders on the following days and render them unsuitable for human consumption at
concentrations of 102-103 cell l-1. Nevertheless, these limitations can be overcome if the cell
distributions are complemented with a sound knowledge of local hydrodynamics and experience
gained from previous toxic events in the same locality.
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Variability of toxin content per cell
Available data shows high variability (up to 1-2 two orders of magnitude) in toxin content
per cell (Table 1), while toxin profiles in a given locality seems to be more stable features. Data
are still scattered, and a more systematic monitoring on toxin profile content per cell related to
intrinsic and environmental factors is needed to improve knowledge and reach predictive
capabilities on this topic.
Absolute cell concentrations can be meaningless if unrelated to concentrations of
other accompanying organisms.
Since the late 1980’s, Sampayo et al. (Sampayo et al. 1990) observed an inverse
relationship between mussel toxin levels and total phytoplankton concentrations at similar
concentrations of Dinophysis spp., i.e., toxin content in shellfish depended on the ratio between
toxic phytoplankton cells and the total phytoplankton population. Further studies of Blanco et
al. (Blanco et al. 1995, Blanco et al. 1997) showed the importance of intrinsic factors linked
to bivalve physiology, and developed kinetic models that take environmental conditions
(temperature, salinity, water column stability) into account, and the quantity and quality of food
(chlorophyll concentration, seston) available to the bivalves. Concentrations of toxigenic cells
and toxin content per cell are important parameters in these kinetic models of intoxication and
detoxification. Obviously, in waters low in particulate organic matter, filter-feeders need to filter
larger volumes to fulfill their nutritional needs. Blanco et al. (Blanco et al. 1997) introduced a
new parameter, «toxic quality» of food, by analogy with the term «food quality» commonly
employed in assimilation models for bivalves. Dahl and Johannessen (Dahl & Johannessen
2001) recommended the use of the ratio between Dinophysis acuta concentration and the
chlorophyll content as a better index to predict DSP events associated with this species in
Norwegian coastal waters.
Toxicity in absence of toxigenic cells
After severe outbreaks caused by growth of toxigenic microalgae in late autumn-
early winter, toxins in shellfish above regulatory levels may be observed long after the
source organisms have disappeared from the water column. In these cases, the end of
harvesting closures depends more on the onset of spring bloom diatoms –that will provide
abundant non-toxic food to shellfish- than on the reported concentrations of toxic
dinoflagellates in the water.
G. Pizarro82
CONCLUSIONS AND PERSPECTIVES
Several Dinophysis species are the main worldwide sources of OAs and PTXs. YTXs
produced by Lingulodinium polyedra, Protoceratium reticulatum and Gonyaulax spinifera
are a more recently identified problem. Widespread application of LC-MS analyses will lead to
identification of a much larger list of causative species. AZP toxins, so far associated with
Protoperidinium crassipes, seems to be a European problem, but their presence has not been
properly explored elsewhere. Bloom dynamics, toxin profiles, and toxin content per cell need
to be studied on regional and local scales. Some key issues that require further research and/or
improved procedures and tools are: a) Genetic (inter- and intraspecific) variability of Dinophysis
spp.; b) Identification of inoculum populations and other behavioural processes; c) Toxin
production studies in cultures of Dinophysis and Protoperidinium spp.; d) Improved
determination of «hidden» toxins, such as diol esters of OA, in microalgal extracts.
Genetic studies of Dinophysis spp. will require sequencing of unexplored parts of their
genomes that show higher variability between species and strains. Field studies, focused on
target species, will certainly benefit from operational oceanography approaches. Recent findings
on feeding behavior of Dinophysis acuminata open many new possibilities to explore, in
combination with improved genetic studies, what are the causes of different toxin profiles
produced by the same species in different parts of the world.
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Capítulo 2
Toxinas lipofílicas, intra y extracelulares, asociadas a
Dinophysis spp. en las Rías Baixas Gallegas durante 2005 y
2006
INTRODUCCIÓN
Los dinoflagelados planctónicos del género Dinophysis constituyen la principal fuente de
okadaatos –las toxinas que transmitidas a través de la cadena trófica son causantes del
envenenamiento diarreico por bivalvos (DSP)- y la única fuente conocida de pectenotoxinas –
toxinas de efecto hepatotóxico (Terao et al. 1986). El género Dinophysis comprende más de
200 especies (Sournia 1986), ampliamente distribuidas en mares tropicales, subtropicales y
templados. Sin embargo, hasta la fecha, la presencia de okadaatos y/o pectenotoxinas ha sido
confirmada –mediante análisis por cromatografía líquida (CL) o CL acoplada a espectrometría
de masas, en extractos de células aisladas por micromanipulación- en tan sólo12 especies del
género (Tabla 1) (Moestrup 2004, Reguera & Pizarro 2008) . Esto se debe a que buena parte
de las especies de este género están constituidas por formas exóticas, sumamente escasas, de
distribución oceánica. Las 12 especies analizadas son, precisamente, las que alcanzan
concentraciones más elevadas (> 102 células l-1) en zonas costeras, donde la explotación y
regulación de recursos marisqueros delatan la presencia de sus toxinas. En las Rías Baixas
Gallegas y plataforma adyacente se encuentran presentes 10 de las 12 especies de Dinophysis
incluidas en las listas de especies tóxicas, si bien sólo 3 de estas especies –D. acuminata, D.
acuta y D. caudata– parecen contribuir significativamente a la contaminación de los bivalvos
con toxinas lipofílicas (Fernández 2007).
La literatura disponible revela una considerable variabilidad, cualitativa y cuantitativa, del
contenido de toxinas, tanto entre las distintas especies de Dinophysis de una localidad
(variabilidad inter-específica) como entre poblaciones de la misma especie con distinta
distribución geográfica (variabilidad intra-específica) (revisado en Blanco et al 2005, Reguera
& Pizarro 2008). Se dan incluso casos que la misma especie, citada como importante agente
de eventos tóxicos en una localidad, y de muy bajo contenido de toxinas en otras partes del
mundo. Tal es el caso de D. acuminata, uno de los principales agentes de DSP en la costa
Atlántica europea, y considerado como especie muy poco-tóxica en la costa Atlántica
estadounidense (Maranda & Shimizu 1987, Marshall et al. 2004, Tango et al. 2004).
Sin embargo, es necesario ser cautos y revisar de forma crítica los datos disponibles, y
verificar, caso a caso: a) Las condiciones cromatográficas bajo las que se hicieron los análisis,
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y b) La presencia de qué toxinas se estaban explorando. Con frecuencia, se han dado informes
sobre contenido (en células o en concentrados de plancton) de aquéllas toxinas de las cuales
existían patrones comerciales disponibles y se ha ignorado la posible existencia de otras para
las que no se disponía de capacidades analíticas o patrones de referencia.
Tabla 1. Relación de especies de Dinophysis cuyo contenido en okadaatos y/o pectenotoxinas ha sido
confirmado mediante análisis (CL ó CL-EM) de células aisladas por  micromanipulación.1
tr: trazas
1Información extraída de Moestrup et al. (2004); Suzuki et al. (2006) y Raho et al. (aceptado en
Harmful Algae).
Las estimaciones de perfil y contenido de toxinas por célula de Dinophysis a partir de
análisis de muestras planctónicas multiespecíficas -incluso en el caso de que en ellas se encuentre
presente una única especie de Dinophysis- conllevan distintas fuentes de error, entre las que
cabe destacar:
• Asumir que sólo las células de Dinophysis contienen toxinas, obviando su
posible presencia en especies heterótrofas, o adheridas a agregados de materia
orgánica acompañante;
• El alto margen de error en los contajes de células de Dinophysis por unidad
de volumen de arrastre cuando la especie objetivo se encuentra en
concentraciones muy bajas.
Especie de Dinophysis  
Presente en 
las Rias 
Baixas 
Asociada con 
Eventos DSP 
en las Rías  
Confirmado 
Toxinas en 
células  
 
D. acuminata Claparède et Lachmann  + + + 
D. acuta Ehrenberg + + + 
D. caudata Saville-Kent  + + + 
D. fortii Pavillard  + - - 
D. infundibulus +   
D. miles Cleve  -   
D. mitra (Schütt) Abé vel Balech  + - - 
D. norvegica Claparède et Lachmann  -   
D. ovum Schütt + + + 
D. rotundata Claparède et Lachmann  + + tr 
D. sacculus Stein  + - - 
D. tripos Gourret + + - 
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Entre las ventajas de los análisis de arrastres de red cabe destacar que, al permitir preparar
extractos de elevadas biomasas de fitoplancton, posibilita la detección de toxinas minoritarias
que podrían encontrarse por debajo del nivel de detección posible en muestras formadas por
unas pocas células. No obstante, en el pasado se han citado discrepancias al comparar las
estimaciones de contenido de toxina por célula obtenidas a partir de análisis de células aisladas
con las obtenidas a partir de análisis de poblaciones planctónicas multiespecíficas (Masselin et
al. 1992, Blanco et al. 1995).
Se considera que los resultados de análisis de células aisladas por micromanipulación son
los más válidos por ser los únicos que no presentan ambigüedades. Además, se han refinado las
técnicas en la última década, y los nuevos equipos de espectrometría de masas acoplado a
cromatografía líquida (CL-EM) permiten realizar análisis con muestras cada vez más pequeñas.
Mientras que los análisis mediante cromatografía líquida desarrollados en la década de los 80
requerían muestras de varios cientos de células de Dinophysis, aisladas por micromanipulación
(Lee et al. 1987, 1989), los nuevos equipos de CL-EM permiten análisis de muestras formadas
por unas pocas decenas de células, o incluso por varias unidades en el caso de los equipos más
potentes (los de triple cuadrupolo con trampa iónica lineal).
En años recientes, MacKenzie et al. (2004) observaron que, durante las proliferaciones
de Dinophysis spp., una parte importante de las toxinas era liberada al agua de mar. Estas
toxinas se podían adsorber in situ -para su posterior análisis- mediante muestreadores pasivos
o SPATT (Solid Phase Adsorption Toxin Tracking) constituidos por resinas porosas sintéticas
específicas para captar substancias de carácter lipofílico. Los mismos autores señalaron la
idoneidad de la técnica SPATT como sistema de seguimiento de ficotoxinas, a modo de mejillón
artificial, que podía permitir la detección temprana de toxinas lipofílicas en el agua, y que facilitaba
la extracción y análisis posteriores al evitar las complejas matrices asociadas a los extractos de
tejidos de bivalvos.
Por todo lo expuesto, se consideró importante analizar de nuevo todas las especies
potencialmente tóxicas de Dinophysis de las Rías Baixas, así como los extractos metanólicos
de las poblaciones fitoplanctónicas -obtenidos a partir de muestras tomadas durante muestreos
semanales en el 2005 y 2006, más los extractos metanólicos de algunas muestras aisladas entre
2002 y 2007- utilizando idénticas condiciones de análisis mediante espectrometría de masas
acoplada a cromatografía líquida (CL-EM). Los resultados obtenidos se compararon de forma
crítica con los obtenidos con anterioridad. Paralelamente, se hizo un seguimiento exploratorio
de toxinas presentes en la columna de agua de mar (disueltas o adsorbidas a la materia orgánica
particulada no viva) mediante muestreadores pasivos -tipo SPATT- colocados en distintas
profundidades en los polígonos de bateas.
La presente revisión analítica nos permitió identificar una nueva especie toxígena, Dinophysis
ovum, perteneciente al «Complejo Dinophysis acuminata» (ver Cap. 3), así como cuestionar
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si D. rotundata, la única especie heterótrofa de la lista, es realmente una especie productora de
toxinas. Los análisis de extractos fitoplanctónicos durante las intensas floraciones –quasi
monoalgales– de D. acuta en el otoño de 2005 nos permitieron describir la presencia, por
primera vez en aguas europeas, de un diol-éster del ácido okadaico (AO-D8) y el PTX11, un
isómero de PTX1, en esta especie (ver Cap. 4). Por último, se pudo describir el patrón de
emisión de toxinas lipofílicas al medio durante las proliferaciones de Dinophysis spp. y evaluar
las ventajas e inconvenientes de los muestreadores pasivos (resinas tipo SPATT) como
herramientas complementarias de los análisis de bivalvos en los programas de seguimiento de
ficotoxinas.
MATERIAL Y METODOS
Muestreos in situ
Durante los años 2005 y 2006, se tomaron muestras semanales -durante la época de
aparición de Dinophysis spp. - con una bomba sumergible (ABS, IP 1000-KS-W01-10-
KPM), con un flujo de 138  l min-1, entre superficie y 5 m de profundidad. El agua bombeada
se hacía pasar por un sistema de salabres superpuestos, de mayor a menor tamaño de apertura
de malla (de 200, 100, 70, 40 y 20 µm). Los salabres se fijaban encima de un recipiente con
desagüe-rebosadero situado en la parte superior, por encima del nivel de la base de los salabres,
de forma que el plancton concentrado se mantuviera siempre sumergido. Este sistema permitía
recoger con comodidad concentrados de plancton de un rango de talla determinado que se
seleccionaba según la especie objetivo (Fig 1A).
Figura 1. (Izq.) Sistemas de salabres confeccionados con red de 100, 77, 40 o 20 µm de tamaño de poro,
dispuestos en orden descendente sobre un recipiente con desagüe-rebosadero, utilizados para obtener
concentrados de plancton in situ. (Der.) Red de plancton troncocónica empledada en los arrastres verticales.
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El concentrado de plancton (fracción 20-100 µm ó 40-100 µm) se recogía con ayuda de
un vaso de precipitados y se vertía en una garrafa de plástico a la que se añadía agua de mar de
la estación de muestreo para que se mantuviera vivo y en buenas condiciones hasta llegar al
laboratorio. Una vez en el laboratorio, se tomaba inmediatamente una alícuota del concentrado
de plancton, que se fijaba con lugol, para posterior identificación y cuantificación del fitoplancton;
otra alícuota de 15 ml se centrifugaba a 1500 rpm durante 20 min para eliminar el agua, se
agregaba metanol al residuo sólido y se sonicaba durante 1 min para extraer las toxinas y
analizarlas por LC-MS. El método está cuidadosamente detallado en los capítulos 5 y 6.
En algunos muestreos anteriores a 2005, y durante el ciclo de 24 h muestreado en Bueu
(Ría de Pontevedra) (Cap. 5) las muestras para análisis de toxinas se tomaron mediante arrastre
vertical con red de plancton troncocónica, de 20 µm de apertura de malla, con un diámetro de
0.32 m y una longitud de 1.63 m (Fig. 1B). A partir del concentrado de plancton acumulado en
el colector de la red, se seguían los mismos pasos de toma de alícuotas que los descritos en el
apartado anterior a partir del sistema de bomba y salabres.
Para hacer un seguimiento de toxinas liberadas en el agua durante 2006, se suspendieron,
en tres profundidades de la columna de agua (3, 7 y 12  m), muestreadores pasivos que consistían
en pequeños bastidores circulares que sujetaban una doble malla, de 77 µm de tamaño de
poro, rellena de resinas sintéticas (DIAION HP20) previamente activadas en el laboratorio
(Fig. 2). Esta técnica de muestreo está basada en los «Solid Phase Adsorption Toxin Tracking
(SPATT) descritos por MacKenzie et al. (2004), pero en nuestro caso, se modificó la geometría
del soporte de las resinas: bastidores planos en vez de las «bolsitas de té» empleadas por estos
autores. Nuestros primeros intentos para estimar la toxina libre en la columna de agua, fue
utilizar porta resinas con geometría de cilindros abiertos, cubiertos con malla de 77 µm. Sin
embargo, los bastidores resultaron más efectivos; con ellos se conseguía una optimización de la
adsorción de toxinas al incrementarse sobremanera la relación superficie:volumen (Cap. 6).
Figura 2. Bastidores circulares
que sujetan una doble red de 77
µm de trama utilizados como
porta resinas (DIAION HP20)
previamente activadas, para ser
suspendidos en tres
profundidades de la columna de
agua (3, 7 y 12 m).
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Aislamiento de células de Dinophysis por micromanipulación
Las células de distintas especies de Dinophysis se aislaron a partir de arrastres verticales
con redes planctónicas (de 20 µm de apertura de malla) y/o de los concentrados de plancton
seleccionados, por rango de tallas, con el sistema de bomba y salabre. Las muestras se tomaron
semanalmente durante todo el período de presencia de Dinophysis spp. en las Rías Baixas en
2005 y 2006. Sólo en contadas ocasiones, la escasez de células en los concentrados –
acompañadas de ingentes cantidades de diatomeas-  impidió hacer los aislamientos por
micromanipulación. Algunas muestras adicionales procedían de aislamientos realizados antes
de 2005 y mantenidos en el congelador.
Los arrastres, o concentrados de plancton, se pasaron por malla de 100 µm para eliminar
organismos microzooplanctónicos que interfieren en los aislamientos y que consumen células
de Dinophysis spp. haciendo disminuir su número. Los aislamientos se hicieron por
micromanipulación del arrastre con micropipetas capilares, en cámaras de sedimentación,  al
microscopio invertido, con aumentos de 25X , 40X y 100X. Las células aisladas se transfirieron
dos o tres veces más a sendas cámaras con agua de mar filtrada (0.22 µm) para asegurar la
ausencia de cualquier célula acompañante. Por último fueron tomadas y depositadas en tubos
eppendorf de 1.5 ml, se les agregó 250 µl de metanol, se sonicó por 1 min y se lavó la sonda del
sonicador con otros 250 µl  de metanol. Esta muestra fue almacenada a -20 ºC hasta su análisis
por CL-EM. Para el análisis por CL-EM, el extracto fue transferido a un vial de 1.8 ml, secado
a 40ºC bajo presión reducida en un concentrador centrífugo (Savant, Instruments Inc. Holbrook,
N.Y.), resuspendido en 150 µl de metanol y agitado. Previo a inyectar entre 5 a 20 µl
(dependiendo de la concentración de toxinas) en el CL-EM, el extracto fue  filtrado en filtros
de 0.45 µm (Gelman Nylon Acrodisc 13 mm, o bien Osmonic Inc. Cameo 3N 3 mm).
Análisis de toxinas mediante CL-EM
La separación cromatográfica se realizó en un HPLC Thermo Finnigan Surveyor, acoplado
a un espectrómetro de masas, equipado con una columna XBridge C18 column (2.1× 150
mm) de Waters con partículas de 5 µm a 35 ºC. La fase móvil consistió en (A) 2 mM acetato
amónico a pH 5.8 y (B) 100% metanol, con una tasa de flujo de 0.2 ml min-1. El gradiente de
elución lineal utilizado fue el siguiente: 60% a 100% de B durante 20 min y mantenimiento de
100% de B durante 2 min; a continuación, bajada a 60% de B en 3 min y mantenimiento de
60% de B durante 5 min.
Los análisis de CL-EM se realizaron con un espectrómetro de masas con trampa iónica
(Thermo Finnigan LCQ-Advantage) equipado con una interfase de ionización por electrospray
(ESI). El capilar se calentó a 250 ºC y se empleó un voltage de ionización de 3.0 y 4.5 kV para
los modos positivo y negativo, respectivamente.  Los flujos  de  gas nebulizador  y  gas auxiliar
fueron 20 y 10 ml min-1, respectivamente. Se inyectaron entre 5 y 20  ml de extractos de toxinas
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en el CL-EM, dependiendo este volumen de la concentración de células de Dinophysis en el
extracto.
Para el análisis de toxinas de las muestras de fitoplancton, se realizó un barrido espectral
de m/z entre 300 y 2000, en modo positivo y negativo. El modo negativo se ejecutó para
confirmar el espectro de las toxinas. Los m/z de los iones registrados fueron 805 [M+H]+, 822
[M+NH4]
+, 827 [M+Na]+ y 803 [M-H]- para el AO y la DTX2; 876 [M+NH4]
+, 881 [M+Na]+,
857 [M-H]- y 918 [M+CH3COO]
- para la PTX2; 894 [M+NH4]
+, 899 [M+Na]+ y 875 [M-
H]- para PTX2SA; 836 [M+NH4]
+ y 892 [M+NH4]
+, 897 [M+Na]+, 873 [M-H]- y 919
[M+HCOOH-H]- para la PTX1 y PTX11; y 946 [M+NH4]
+, 951 [M+Na]+ y 988
[M+CH3COO]
- para el diol-éster AO-D8 (AO-D8).
Para obtener una señal discernible en el caso de las células aisladas, se utilizó el modo de
monitorización de iones aislados (SIM) en modo de ionización positivo de acuerdo con las
posibilidades técnicas del equipo. Así, las m/z registradas para los iones [M+NH4]
+ y [M+Na]+
fueron de 822 y 827 para el AO y DTX2 , respectivamente y de 876 y 881 para el PTX2.
Para la calibración del CL-EM y cuantificación de las toxinas AO y PTX2, se utilizaron
estándares de referencia certificados (NRC, Canada). En el caso de la  DTX2, se utilizó un
material de referencia cuantificado (6 µg ml-1).
.
RESULTADOS
Variabilidad temporal de especies de Dinophysis en los concentrados de plancton
De las 10 especies de Dinophysis presentes en las Rías Baixas Gallegas (Tabla 1), tan
sólo cinco de ellas - D. acuminata, D. ovum, D. acuta, D. caudata y D. rotundata- se
presentaron en concentraciones apreciables (> 102 células l-1) -que permitieran los aislamientos
de células por micromanipulación- durante el período de estudio. D. tripos y D. fortii–especies
que pueden aparecer en las Rías en concentraciones bajas-moderadas (< 103 células l-1) en
otoño (Reguera 2003)- no se detectaron durante 2005-2006.
El año 2005 fue un año especialmente intenso en proliferaciones de Dinophysis asociadas
con presencia de toxinas lipofílicas en los bivalvos por encima del nivel de regulación (eventos
DSP). La variación en la abundancia de las distintas especies detectadas en los concentrados
de plancton se presenta en la Figura 3C. Las concentraciones máximas de D. acuminata se
alcanzaron en la segunda quincena de abril. Desde entonces, hasta la tercera semana de
septiembre, se observó una alternancia de incrementos (cada vez más pequeños) y descensos.
La dominancia de D. acuminata -entre las especies de Dinophysis- fue reemplazada en otoño
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Figura 3. (A) Contenido de toxinas por células aisladas de Dinophysis y (B) por célula en concentrados de
plancton. (C) Concentración de células en los concentrados de plancton, en la estación P2, Ría de Pontevedra,
2005.
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Figura 4. (A) Contenido de toxinas por células aisladas de Dinophysis y (B) por célula en concentrados de
plancton. (C) Concentración de células en los concentrados de plancton, en la estación P2, Ría de Pontevedra,
2006.
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por la de D. acuta, que presentó un marcado máximo estacional desde finales de octubre hasta
el 10 de noviembre. Así pues, los eventos DSP del 2005 estuvieron claramente asociados a los
incrementos de D. acuminata en primavera-verano, y a los de D. acuta en otoño.
El año 2006 presentó un patrón de distribución de Dinophysis spp. muy distinto (Fig.
4A). Los problemas de presencia de toxina comenzaron tardíamente a mediados de junio
debido a una inusual floración de D. ovum (Cap. 3, Fig. 2), un pequeño Dinophysis del complejo
acuminata claramente diferenciable del D. acuminata típico de la zona (Cap. 3, Fig.3). La
predominancia de D. ovum se alternó con la de D. acuminata hasta finales de julio, cuando
desapareció la primera y D. acuminata alcanzó su máximo anual. Desde mediados de septiembre
hasta principios de noviembre, D. acuta fue la especie predominante de Dinophysis, pero co-
existiendo con D. acuminata y con D. caudata, que estuvo presente en concentraciones bajas
desde mediados de junio hasta noviembre. Por tanto, el único máximo de Dinophysis constituido
en su mayoría (> 90%) por una única especie, fue el de D. ovum a mediados de junio.
Perfil y contenido de toxina por célula de Dinophysis aislada por  micromanipulación
En la Tabla 2 se presenta el perfil, rango y el promedio de contenido de toxinas, para cada
una de las especies de Dinophysis, aisladas por micromanipulación, durante los muestreos
semanales de 2005-2006. Para comparar estos datos con otros valores obtenidos mediante
CL-EM, bajo idénticas condiciones, la Tabla 3 presenta el rango, promedio y tamaño de muestra
del contenido de toxina por célula aislada de muestras oportunistas realizadas en las Rías de
Vigo y Pontevedra entre 2002 y 2007.
A continuación se presenta una descripción del contenido de toxina por célula  por  especie,
considerando tanto las Dinophysis de muestras recolectadas sistemáticamente durante los años
2005 y 2006, como aquellas recolectadas durante los muestreos oportunistas entre los años
2002 y 2007. Otras toxinas como los azaspirácidos (AZPs) en las células aisladas de
Protoperdidinium, no fueron buscadas debido a la baja cantidad de muestra obtenida como
para aplicar  los métodos de detección de AZPs en el CL-EM utilizado.
Dinophysis acuminata
Tras un total de 28 muestras analizadas, 15 recolectadas entre 2005 y 2006, y 13
recolectadas entre 2002 y 2007 (Tabla 4), en distintas estaciones del año, se confirma que el
perfil de toxinas de D. acuminata presenta tan sólo AO -en niveles detectables- en su perfil de
toxinas. El valor máximo observado, 12.1 pg AO cél -1 ,  corresponde a una población muestreada
el 13 de noviembre de 2002 (Tabla 3).
Durante la persistente floración de esta especie en 2005 (Fig. 3C), se realizaron aislamientos
en 15 de los muestreos semanales (Tabla 2). Los niveles de AO se encontraron por debajo del
nivel de detección en los muestreos iniciales realizados entre el 23 de marzo y el 13 de abril. El
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Tabla 2. Rango, promedio y tamaño de muestra (n) del contenido de toxina por célula aislada de D. acuminata
y D.acuta recolectadas sistemáticamente durante 2005 y 2006 en la Ría de Pontevedra y representadas en las
Figs. 3 y 4.
   
OA (pg célula-1) 
 
 
DTX2 (pg célula-1) 
 
 
PTX2 (pg célula-1) 
Máximo 
Total  
(pg célula-1) 
 
Especie Año rango 
 
Promedio 
± DS 
rango 
 
Promedio 
± DS 
rango 
 
Promedio  
± DS   
 n 
D. acuminata 2005 nd - 3.2 1.3 ±1.0     3.2 (2-may-05) 15 
 2006 1.7 - 6.6 3.7 ± 1.8     6.0 (28-jul-06) 8 
D. acuta 2005 tr - 9.5 3.8 ± 2.5 tr - 6.6 3.7 ± 2.4 tr -5.4 1.5 ± 1.0 19.2 (21-nov-05) 11 
 2006 0.4 - 8.4 2.9 ± 2.0 0.4 - 5.6 1.9 ± 1.5 1.0 - 9.8 2.8 ± 2.7 15.4 (25-sep-06) 12 
valor máximo (3.2 pg AO cél -1) se observó a principios de mayo. A partir de esta fecha se
observó un descenso, y los niveles fueron de nuevo indetectables entre el 30 de mayo y el 14
de junio. El 27 de junio apareció un nuevo máximo, y desde esta fecha hasta septiembre, se
observó una sucesión de altibajos hasta el 6 de septiembre (Fig. 3A)
La temporada de D acuminata fue mucho más corta en 2006 (Fig. 4A) -se realizaron
aislamientos en 8 muestreos semanales- pero se observaron contenidos de toxinas más altos
(rango: 1.7-6.6 pg AO cél -1) (Tabla 2) que en 2005 y ningún resultado por debajo del nivel de
detección. El valor máximo se observó el 29 de agosto (Fig. 4A). Tanto en 2005 como en
2006, el contenido máximo de toxina por célula se detectó en poblaciones «maduras» que
llevaban 2-3 meses de permanencia, con altibajos, en la zona.
Dinophysis acuta
Esta especie presenta un perfil más complejo que el de D. acuminata y D. ovum. Las
toxinas predominantes –y detectables en las células aisladas- son AO, DTX2 y PTX2. Sin
embargo, los análisis de densos concentrados de esta especie, durante un ciclo de 24 h,
permitieron detectar otras toxinas minoritarias –diol éster AO-D8 y PTX11- en el perfil de esta
especie (ver Cap. 4)
Tanto en 2005 como en 2006, los incrementos numéricos de esta especie fueron
marcadamente estacionales: entre septiembre y octubre en 2005 (Fig. 3A), y entre octubre y
noviembre en 2006 (Fig. 4A).
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En 2005, el valor máximo de toxina total celular (AO+DTX2+PTX2 = 19.2 pg cél -1,
Tabla 2) se detectó el 21 de noviembre, es decir, al final del descenso exponencial del acusado
bloom de finales de octubre-principios de noviembre (Fig. 3C). Entre finales de septiembre y el
19 de diciembre, el rango de variación de toxina total fue de 2.2-19.2 pg cél -1 (Fig. 3B).
En 2006, el rango de variación de toxina total fue bastante similar, 2.3 -15.4 pg cél -1 (Fig.
4B),  y los valores máximos se detectaron durante y después del máximo de concentración
anual, entre el 25 de septiembre y el 2 de octubre (Fig. 4A). Así pues, también en esta especie
pg cél -1 
 
Especie 
 Fecha 
muestreo 
 Fecha 
aislamiento 
Nº 
células AO DTX2 PTX2 Total 
         
D. acuminata 13-nov-02 13-nov-02 234 12.1 nd nd 12.1 
D. acuminata 16-jun-02 17-jun-03 16 1.0 nd nd 1.0 
D. skagi 19-jun-06 19-jun-06 12 nd nd nd nd 
                
D. caudata 21-ago-03 28-ago-03 100 nd nd 55.0 55.0 
D. caudata 22-ago-03 28-ago-03 100 nd nd 33.7 33.7 
D. caudata  29-sep-05 03-oct-05 9 nd nd 3.9 3.9 
D. caudata 04-oct-06 04-oct-06 54 0.6 2.8 5.0 8.4 
                
D. rotundata 26-ago-03 28-ago-03 70 nd nd nd nd 
D. rotundata 26-ago-04 28-ago-03 50 nd nd nd nd 
D. rotundata 26-ago-05 29-ago-03 66 0.5 nd 0.1 0.6 
D. rotundata 25-ago-03 1-sep-03 38 nd nd 0.8 0.8 
D. rotundata 25-ago-03 1-sep-03 40 0.3 nd 0.7 1.0 
D. rotundata  26-jul-05 27-jul-05 48 nd nd nd nd 
D. rotundata 26-sep-05 26-sep05 51 0.7 0.9 nd 1.6 
D. rotundata 17-abr-07 17-abr-07 142 nd nd nd nd 
D. rotundata 26-nov-07 26-nov-07 58 nd nd nd nd 
D. rotundata 26-nov-07 26-nov-07 52 nd nd nd nd 
D. rotundata 03-dic-07 03-dic-07 50 nd nd nd nd 
                
P.divergens 28-ago-03 28-ago-03 72 nd nd nd nd 
P. divergens 28-ago-03 28-ago-03 42 nd nd nd nd 
P. depressum 14-jun-05 14-jun-05 76 nd nd nd nd 
P. depressum 17-jun-06 17-jun-06 76 nd nd nd nd 
 
Tabla 3.  Contenido de toxina por célula analizadas por LC-MS de Dinophysis spp. aisladas de muestras
oportunistas entre 2002 y 2007 de las Rías de Pontevedra y Vigo, distintas de los muestreos sistemáticos de
2005 y 2006.
         nd: no detectado
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se detectaron los máximos de contenido celular de toxinas después de los máximos celulares
correspondiente a la fase estacionaria de la población y/o a la acumulación de poblaciones de
plataforma dentro de las Rías.
El valor de la razón AO:DTX2 (3:2) en los aislamientos celulares de D. acuta de 2005
(ver Cap. 6) y 2006, presenta una constancia estadísticamente significativa. Los ajustes
estadísticos fueron:
• Para 2005: y = 0.6629x, r2 = 0.90, P < 0.001, n = 7)
• Para 2006: y = 0.6685x, r2 = 0.95, p < 0.001, n = 7)
(donde y es la concentración de DTX2 y x la de AO)
Por el contrario, la razón entre okadaatos y PTXs presentó una gran dispersión de valores
durante ambos años.
Dinophysis ovum
Tan sólo se analizaron dos muestras de D. ovum procedentes de dos semanas consecutivas
que corresponden al acusado y repentino máximo de esta especie en junio de 2006 (Fig. 4C).
El perfil de toxinas de D. ovum parece constituido -en niveles detectables- tan sólo por AO. En
la muestra del 12 de junio se estimó un contenido de 7 pg AO cél -1, mientras que en la muestra
Tabla 4. Tabla comparativa que muestra el rango, promedio y tamaño de muestra (n) del contenido de toxina
por célula aislada de muestras oportunistas realizadas entre 2002 y 2007, y de muestras sistemáticas realizadas
durante 2005 y 2006.
  
OA (pg célula-1) 
 
 
DTX2 (pg célula-1) 
 
 
PTX2 (pg célula-1) 
Máximo 
Total 
(pg célula-1) 
 
Especie rango 
 
Promedio 
± DS 
rango 
 
Promedio 
± DS 
rango 
 
Promedio  
± DS   
 n 
D. acuminata nd -12.1 2.2 ± 2.6     12.1  (13-nov-02) 28 
D. ovum 1.4 – 7.0 4.2 ± 4.0     7.0 (12-jun-06) 2 
D. acuta nd - 9.5 3.1 ± 2.2 nd - 8.4 2.7 ± 2.1 tr - 9.8 2.3 ± 2.0 19.2 (21-nov-05) 27 
D. caudata nd - 4.8 tr ± 1.3 nd - 3.9 tr ± 1.1 tr - 55 7.3 ± 14.5 55.0 (28-ago-03) 17 
D. rotundata nd - tr tr nd - tr nd nd - tr tr tr (ver Tabla 3) 11 
P .divergens  
P. depressum 
nd nd nd nd nd nd nd (ver Tabla 3) 4 
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de la semana siguiente se detectó un valor -5 veces más bajo- de 1.4 pg AO cél -1 (Fig. 4B,
Tabla 4).
Dinophysis caudata
Esta especie suele estar presente en densidades bajas (< 200 células l-1) desde primavera
pero puede ser la más persistente a finales de otoño (diciembre) (Reguera 2003). Durante
2005 fue muy escasa y apareció durante un período de tiempo más corto que en 2006 y
acompañando a D. acuta (Fig. 3A), por lo que sólo se pudieron realizar aislamientos celulares
en 2 ocasiones. En 2006 fue más abundante y se encontró prácticamente durante toda la época
de detección de Dinophysis spp. (junio-diciembre) (Fig. 4A). Se pudieron realizar aislamientos
en 17 ocasiones considerando todas la fechas de muestreo. El perfil de esta especie presentó
una gran variabilidad: en algunos muestreos las células contenían AO, DTX2 y PTX2, en otros
AO y PTX2 y en otros tan sólo PTX2 (Tabla 4). Los valores de contenido total de toxina en
2006 oscilaron entre 0.7 y 11.2 pg cél -1 (Fig. 4A), pero en un par de muestras de agosto del
2003, procedentes de arrastres de red tomados en la plataforma adyacente a la Ría de Vigo, se
estimaron valores de hasta 55 pg PTX2 cél -1 (Tabla 3).
Dinophysis rotundata
Esta especie puede detectarse prácticamente todo el año, pero generalmente en
concentraciones bajas (< 100 células l-1).
Se realizaron aislamientos en 11 ocasiones, en épocas del año (entre abril y diciembre) y
en años distintos (2003, 2005 y 2007) (Tabla 3). De estas 11 muestras, tan sólo cuatro de ellas
presentaron niveles traza de AO + PTX2 (2 casos), ó de AO+DTX2 (1 caso), ó de sólo PTX2
(1 caso). Las otras 7 muestras no revelaron siquiera trazas de toxina.
Protoperidinium divergens y P. depressum
Se exploró la posible presencia de okadaatos y PTXs en dos muestras de P. divergens
aisladas en agosto de 2003, y en dos muestras de P. depressum aisladas en junio de 2005 y
2006 (Tabla 3). El motivo de esta exploración fue que con anterioridad se habían encontrado
estas toxinas en especímenes noruegos (Miles et al. 2004b) y se atribuyó su presencia a una
ingestión previa de Dinophysis por parte de las especies heterótrofas de Protoperidinium.
No se detectaron ni siquiera cantidades traza de okadaatos o PTXs en las cuatro muestras
de Protoperidinium spp. de las Rías Baixas analizadas (Tabla 4).
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Perfil y contenido de toxina por célula de Dinophysis en concentrados de
poblaciones multiespecíficas.
La variabilidad anual, en 2005 y 2006, del perfil y contenido de toxinas por célula de
Dinophysis en los concentrados multiespecíficos se muestra en las Figuras 3C y 4C.
Durante 2005, la clara dominancia de D. acuminata en primavera-verano y de D. acuta
en otoño (Fig. 3A) se refleja muy bien en los perfiles de toxinas de los concentrados planctónicos:
tan sólo AO en primavera-verano, y AO+DTX2+PTX2 en el otoño (Fig. 3C).
Durante 2006, la co-ocurrencia y alternancia de dominancias de distintas especies de
Dinophysis (Fig. 4A) da lugar a perfiles de toxinas complejos (Fig. 4C) excepto la presencia
única de AO durante la proliferación de D. ovum en la primera mitad de junio, y la larga
persistencia de PTX2 en la columna de agua cuando las células de Dinophysis habían
prácticamente desaparecido.
El mayor contenido de toxinas por célula aislada de D. acuminata en 2006 (Fig. 4B) se
ve reflejado en los valores superiores de AO por célula de los concentrados de verano (Fig.
4C). La gran diferencia en concentraciones de PTX2 de noviembre-diciembre no pareció
proporcional al mayor número de D. caudata registrado este año.
Durante el período de dominancia de D. acuta en 2006, la razón AO:DTX2 presentó un
valor promedio de aproximadamente 3:1 (y = 0.3781x, r2 = 0.8866, p < 0.01, n = 6.), distinto
del observado en los aislamientos celulares (3:2). Durante el 2005, la razón AO:DTX2 para D.
acuta presente en arrastres de planton fue de 2:1 (y = 0.5292x+0.5311, r2 = 0.86, P < 0.0001,
n = 10) (Cap. 6, Fig. 6A), llegando a ser de 3:2 cuando D. acuta se presentó en densas
poblaciones en otoño (> 97% de las especies de Dinophysis).
Tanto en 2005 como en 2006, las estimaciones de contenido de toxina por célula de
Dinophysis en los concentrados de plancton fueron muy superiores –hasta un orden de magnitud-
a las obtenidas de aislamientos celulares (Tabla 5). Así pues, se detectaron valores máximos de
44.3 y 80.4 pg AO cél -1 de Dinophysis durante las floraciones de D. acuminata de 2005 y
2006 respectivamente (Figs. 3C, 4C) y de 161 pg PTX2 cél -1 al final de la proliferación de D.
acuta + D. caudata a principios de noviembre de 2006.
Es importante señalar que ni en las células aisladas, ni en los extractos de concentrados de
plancton multiespecíficos se detectó PTX2SA, toxina que puede ser predominante en los
mejillones tóxicos durante floraciones de D. acuta y D. caudata (Fernández et al. 2003).
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Variabilidad del perfil y contenido de toxinas liberadas al medio y adsorbidas por las
resinas.
La Figura 5 contrasta la variabilidad del número de células de Dinophysis spp.
(recolectadas en los 5 m superficiales de la columna de agua) con el perfil y contenido de
toxinas -ng de toxina por bastidor de resina expuesto durante 1 semana- adsorbidas por las
resinas (SPATT) a 3, 7 y 12 m de profundidad durante el año 2006. Si bien las resinas fueron
instaladas semanalmente desde mediados de febrero de 2006 (20 de febrero), solo se presentan
los datos obtenidos entre junio y diciembre. Entre febrero y hasta mayo no se detectaron
toxinas adsorbidas por las resinas, en ninguna de las 3 profundidades, sino hasta mediados de
junio (la representación gráfica se hace desde principios de este mes). Así pues, durante la
semana de detección de un máximo repentino de D. ovum a principios de junio de 2006, la
cantidad de toxinas liberadas al medio parece haber sido prácticamente nula.
Entre el 1 de junio y el 18 de julio se adsorbieron cantidades mínimas, y no siempre en las
tres profundidades, de AO (Fig. 5B) asociado con las poblaciones de D. ovum y D. acuminata
(Fig. 5A). Entre el 26 de julio y principios de septiembre, los valores máximos de AO –la única
Arrastres de 
células de 
Dinophysis 
2005 
(pg célula-1) 
2006 
(pg célula-1) 
Resinas 2006 
(ng disco-1) 
OA 1.6 - 44.3 2.2 - 80.4 55 - 11 236 
DTX2 0.6 - 16.7 1.4 - 20.0 74 - 4 689 
PTX2 2.5 - 28.9 3.4 - 161.0 12 - 6 763 
PTX2SA   81 - 2 679 
    
Células aisladas    
OA 0.6 - 9.4 
D. acuminata-D. acuta
1.0 - 8.4 
D. caudata-D. acuta 
 
DTX2 0.9 - 6.6 
D. acuta 
0.4 - 5.6 
D. acuta 
 
PTX2 0.5 - 3.3 
D. acuta 
0.6 - 6.1 
D. caudata-D. acuta 
 
Tabla 5. Comparación de rangos del contenido de toxina por célula de arrastre y por célula aislada, analizadas
para los años 2005 y 2006. Se incorpora también los rangos de toxinas disueltas en el agua adsorbidas por
las resinas.
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Figura 5. (A) Concentración de células en los concentrados de plancton. (B) Concentración de AO, DTX2 y
(C) de PTX2, PTX2SA en la columna de agua adsorbidos por las resinas, en la estación P2, Ría de Pontevedra,
2006. La barra negra en (A) indica el periodo de cuarentena debido a toxicidad por DSP (Información
semanal divulgada por INTECMAR).
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toxina detectada- aparecen en la resina situada a 3 m de profundidad. Por el contrario, en
semanas de predominancia de D acuta y D. caudata, durante septiembre y octubre, aparecen
las tres toxinas predominantes asociadas a estas dos especies –AO, DTX2, PTX2 (Fig. 5C)-
y una fracción importante, pero variable, de las PTXs aparece en forma del derivado PTX2SA
siete semanas después de la primera detección –a finales de julio- de PTX2 en las resinas
Se detectaron pequeñas cantidades de AO, DTX2, PTX2 y PTX2SA hasta el 4 de
diciembre, y de AO y PTX2 hasta el 18 diciembre, cuando curiosamente, en la columna de
agua tan sólo permanecía una población residual de D. caudata (9 cél ml-1) en los concentrados
de plancton, Fig. 5A) cuyas células contenían únicamente PTX2 (< 4 pg cél -1) (Fig. 4B).
DISCUSIÓN
Variabilidad en el perfil de toxinas en células aisladas y en concentrados
multiespecíficos
La composición cualitativa (perfil) y contenido de toxinas observadas en células aisladas
de D. acuminata y D. acuta está de acuerdo con observaciones previas en muestras de la
misma zona (Fernández et al. 2001, 2003, 2007). Así pues, se confirma el perfil de AO en
muestras de D. acuminata y de AO+DTX2+PTX2 en D. acuta. En cuanto a D. caudata, se
confirma la predominancia de PTX2 en esta especie, pero se muestra que esta toxina puede ir
acompañada o no de AO y/o DTX2.
Ni en células aisladas de Dinophysis spp. ni en arrastres o concentrados de plancton se
detectó nunca la PTX2SA. Al parecer la presencia de PTX2SA en las células es un artefacto,
producto de la conversión de PTX2 a PTX2SA mediada por enzimas presentes en las microalgas,
y no se detectó en muestras inmediatamente congeladas (MacKenzie et al. 2002). Por
consiguiente, aunque lentamente, tal conversión aumentaría en las células rotas (Miles et al.
2004a). Con esta información, creemos que la PTX2SA es un producto de degradación o de
transformación de la PTX2 que no debería aparecer en extractos de células o en concentrados
de fitoplancton debidamente manipulados y procesados.
Los análisis por CL-EM de células aisladas pueden no revelar la presencia de toxinas
presentes en una pequeña proporción del perfil global. No obstante, la aparición de densas
floraciones dominadas por una sola especie de Dinophysis presentan una oportunidad única
para explorar la presencia de «nuevas toxinas». En nuestro caso, permitió la detección del diol-
éster AO-D8  y de la PTX11 en poblaciones de D. acuta por primera vez en aguas europeas.
En este trabajo se presentan los primeros resultados, aparte de los que aparecen en Lee
et al. (1989), sobre contenido de toxinas en células aisladas de D. rotundata, la única especie
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heterótrofa de Dinophysis incluida en nuestro estudio. Los resultados oscilaron entre cantidades
traza de AO con DTX2 o PTX2, o no detección de toxinas. Es bien sabido que D. rotundata
se alimenta -mediante myzocitosis (perforación de presa viva con un pedúnculo de alimentación
y succión de su contenido)- de ciliados tintínidos del género Favella (Hansen 1991). En
observaciones de concentrados de Dinophysis vivos al microscopio de epifluorescencia (con
filtro azul) es posible a veces observar vacuolas digestivas de D. rotundata de color naranja,
es decir, del mismo color en que fluorescen los pequeños flagelados del género Teleaulax, el
ciliado Myrionecta rubra (que come Teleaulax spp.), y los Dinophysis spp. que se alimentan
de M. rubra. Por todo lo expuesto, nuestra hipótesis es que D. rotundata no produce toxinas
de novo, pero puede ocasionalmente presentar contenido de toxina lipofílicas si hubiera predado
previamente en tintínidos que hubieran consumido especies mixótrofas de Dinophysis (Reguera
2003, González-Gil et al. en prep.).
Variabilidad estacional y anual en el contenido de toxinas en células aisladas y en
concentrados
La variación observada del contenido celular de toxina, para D. acuminata, D. acuta y
D. caudata, está dentro de los rangos determinados en estudios previos en los que se realizaron
análisis mediante CL-FLD de estas especies (Fernández et al. 2001). No obstante, Fernández
et al. (2001, 2007) obtuvieron concentraciones sensiblemente superiores de okadaatos y/o
PTXs en células aisladas de D. acuta y D. caudata. Fernández et al. (2007) trabajaron con
células sometidas a inhibición enzimática en algunos casos, y con equipos de análisis distintos;
es difícil determinar si se trata de que trabajaron con cepas más tóxicas o si se debe a diferencias
asociadas con el método de muestreo y los equipos de análisis.
En nuestros resultados, y utilizando idénticos sistemas de análisis, también se obtuvieron
grandes diferencias en el contenido de toxina por célula en estas especies. Un ejemplo evidente
fue D. caudata (Tabla 3). Las diferencias deberían explicarse por el distinto método de muestreo,
o por tratarse de poblaciones con cepas más tóxicas.
Tanto en D. acuminata como en D. acuta los valores máximos de contenido celular de
toxinas aparecen asociados con poblaciones maduras que llevaban 2-3 meses establecidas
antes de alcanzar su máximo estacional y posterior declive. En el caso de D. acuminata aparecen
múltiples altibajos de contenido de toxina, de escala semanal, en cada temporada, que pudieran
estar relacionados con los igualmente observables cambios de volumen celular. A su vez el
biovolumen estaría probablemente determinado por la disponibilidad de alimento vivo (M. rubra)
durante los ciclos de afloramiento-hundimiento (Pizarro et al., en prep.). En el caso de D.
acuta, los episodios son mucho más puntuales en el tiempo, y los incrementos numéricos en las
Rías, al menos en los dos años de estudio, resultan de la acumulación de poblaciones de baja
densidad previamente establecidas en la plataforma (Caps. 5, 6).
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Una observación constante en los dos años de estudio fue que las estimaciones de toxina
por célula a partir de concentrados de plancton eran muy superiores (hasta 1 orden de magnitud
mayor) a las obtenidas de células de la misma especie (y episodio tóxico) aisladas por
micromanipulación. Estas observaciones se contraponen a los resultados previos en la zona
(Blanco et al. 1995) y en Francia (Masselin et al. 1992) donde habitualmente las estimaciones
de toxina por célula a partir de arrastres de red eran muy inferiores a las obtenidas de análisis
de células aisladas por micromanipulación. Una posible explicación de las discrepancias en los
«viejos» resultados sería que, al tratarse de análisis de cromatografía líquida con derivatización
fluorimétrica, las interferencias analíticas por perturbaciones del material acompañante pueden
generar cromatogramas con mucho «ruido químico» que dificultan la cuantificación (Fernández
2007).
Las observaciones obtenidas en este trabajo parecen más razonables a la luz de los
conocimientos actuales. Las células de Dinophysis liberan toxinas al medio (MacKenzie et al.
2004, Rundberget et al. 2007) y las toxinas lipofílicas pueden ser adsorbidas con facilidad en
cualquier  tipo de material  orgánico (particulado, agregados, disuelto) que abunda en los arrastres
y concentrados de red. Los altos contenidos de toxina por célula estimados en las fases de
declive poblacional y adsorbidos por las resinas in situ en ausencia de células de Dinophysis
(este trabajo) apoyan esta segunda explicación.
Toxinas liberadas al medio y adsorbidas por las resinas
La Figura 5 muestra la variación estacional, en 2006, de la adsorción de toxinas por las
resinas instaladas in situ a 3, 7 y 12m de profundidad en una batea del polígono de Bueu (Ría
de Pontevedra). La adsorción de toxinas por las resinas sigue el mismo patrón cualitativo que el
de las concentraciones de Dinophysis spp. en los concentrados de red. Cuantitativamente, hay
grandes discrepancias aparentes que se explican por dos motivos: 1) Nuestras muestras de
bomba se tomaban en puntos fijos de la columna de agua entre 0 y 5 m de profundidad; 2) Las
poblaciones de Dinophysis tienden a agregarse en capas finas de la columna de agua, y con
más frecuencia por debajo de los 5 m en el caso de D. acuta y D. caudata. También contrasta
el gran pico de D. ovum en los concentrados de bomba de junio de 2006 (Fig. 5A) con las
cantidades traza de toxinas adsorbidas por las resinas en las mismas fechas. En este caso, la
bomba habría succionado precisamente el máximo de esta especie, agregado en una capa fina,
pero el valor de la concentración de la especie en la columna integrada de agua sería mucho
más moderado.
Las agregaciones de D. acuta en capas más profundas se reflejan en la mayor concentración
de toxina adsorbida por las resinas situadas a 7 y 12 m entre el 25 de septiembre y el 2 de
octubre, cuando se registró el máximo anual de D. acuta. Un ejemplo ilustrativo de este
fenómeno es que durante el pico de D. acuta mencionado, el valor máximo detectado en los
muestreos de manguera (columna integrada de agua a 0-5, 5-10, 10-15 m) fue 5000 cél  l-1 de
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D. acuta, mientras que en los muestreos simultáneos de alta resolución vertical con botellas, en
la misma estación y hora, se alcanzaron valores de casi 80000 células l-1 (Escalera et al. 2007).
Las altas cantidades de toxina adsorbidas por las resinas durante los máximos de D.
acuta en 2006 fueron superiores a las citadas por otros autores en Nueva Zelanda (MacKenzie
et al., 2004) e Irlanda (Fux et al. 2008) en experimentos similares durante floraciones de la
misma especie. Además, son el doble que los valores citados por Pizarro et al. (2008) para el
año 2005 en la misma localidad y época del año, aunque en esa ocasión se utilizaron cilindros
(menos eficientes) en vez de bastidores como porta-resinas (Cap. 6).
No hay información disponible sobre la posible liberación de toxinas por los mejillones, lo
cual contribuiría al balance final de toxinas adsorbidas por las resina. No obstante, los mejillones
transforman rápidamente la PTX2 a PTX2SA (Suzuki et al. 2001, Miles et al. 2004a), y los
muestreadores pasivos no revelaron presencia de PTX2SA hasta 7 semanas después de la
primera detección de PTX2 (Fig. 5C). Así pues, nuestros resultados sugieren que las toxinas
adsorbidas por las resinas proceden principalmente de su liberación (activa o por goteo de
células senescentes y mortalidad) por parte de las células al medio. La persistencia de toxinas
en la columna de agua asociadas a materia orgánica (detritus, pellets de copépodos, paquetes
fecales de copépodos) explicarían su detección en las resinas semanas después de la ausencia
de células de Dinophysis.
Utilidad de las resinas en la detección precoz de eventos de toxinas lipofílicas
Cualquier laboratorio de control responsable de analizar cantidades ingentes de muestras
de plancton y de bivalvos ambiciona el mismo objetivo: simplificar las labores de muestreo con
métodos semiautomáticos o que requieren menos mano de obra. La pregunta obvia que surge
ante el uso de los muestreadores pasivos es la siguiente:
• ¿Avisan las resinas de la presencia de células de Dinophysis antes de su
detección en los muestreos rutinarios de plancton? (nivel de detección
20-40 células l-1).
Si miramos la Figura 5, la respuesta a esta primera pregunta es NO: Las primeras cantidades
traza de toxina en las resinas (Fig. 5B) aparecieron una semana después de la detección del
primer incremento anual –superficial- de Dinophysis (Fig. 5A). Sin embargo, si comparamos
el momento de primera detección de toxinas en las resinas con el del período de cierre de
extracción de bivalvos (concentración de toxinas superior al nivel de regulación), en ese caso
podríamos asegurar que, obviando la observación de las muestras de plancton, las resinas
avisaron unas semanas antes de que se implementara la primera cuarentena en el polígono de
Bueu, el mismo polígono donde estaban instaladas las resinas.  Si nos fijamos en el momento de
reapertura de extracción, este se dio ANTES de que el resultado de toxinas en las resinas fuera
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negativo. Así pues, podemos concluir que las resinas funcionan como un mejillón artificial más
sensible, es decir que avisa con niveles de toxina inferiores a los de regulación.
Hay que considerar que las resinas, en este estudio, se instalaron a profundidades de 3, 7
y 12 m, es decir, a las mismas profundidades de las que se toman muestras de mejillón de las
cuerdas de bateas para los análisis de toxina llevados a cabo por la Xunta de Galicia. Una
aplicación adicional de las resinas sería instalarlas como herramienta de detección precoz de
puntos de iniciación o de advección de las floraciones de Dinophysis. En ese caso sería necesario
instalarlas en amplios rangos de profundidad que incluyera puntos cerca del fondo y en las
capas de discontinuidad de densidad de la columna de agua (picnoclinas).
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ABSTRACT
This work provides a morphological, toxinological and molecular description of Dinophysis
ovum Schütt, a species included in the Dinophysis acuminata complex, and often misidentified
as D. acuminata Claparède and Lachmann. A dinoflagellate bloom occurred in the Galician
Rías Baixas (NW Spain) in June 2006, where D. ovum was the overwhelmingly dominant
(97%) Dinophysis species, accompanied by small numbers of D. acuminata, and other
Dinophysis spp., Protoperidinium spp. and Ceratium spp. Dinophysis ovum was
discriminated from D. acuminata at the light microscope on the basis of their different cell
contours; it had only okadaic acid (OA) (7.1 pg cell-1) as a detectable lipophilic toxin component.
Molecular analyses of the ITS1-5,8S-ITS2 rDNA region showed that D. ovum was grouped
in a common clade of small-sized species of Dinophysis, close to D. sacculus. Analyses of
mitochondrial genes (cytochrome c oxydase 1) of D. ovum and D. acuminata showed this
region exhibited a much higher variability -25 bp difference between the 2 species under study-
and was therefore more appropriate than rDNA genes for phylogenetic analyses of Dinophysis
spp. This is the first report of lipophilic shellfish toxins in D. ovum, and of analyses of mitochondrial
genes in Dinophysis spp.
KEY WORDS: Dinophysis acuminata, Dinophysis ovum, DSP toxins, PCR, ITS rDNA,
cytochrome b.
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INTRODUCTION
Different dinoflagellate species of the genus Dinophysis have been reported as causative
agents of Diarrhoeic Shellfish Poisoning (DSP) outbreaks throughout the world (Lee et al.
1989). Up to date, 11 species of Dinophysis have been confirmed, by chromatographic analyses
on single cell isolates, to contain lipophilic toxins (Moestrup 2004), but this number is very likely
to increase when new species of the genus are tested with advanced chromatographic systems
coupled to mass spectrometers (LC-MS) that require a very small number of cells per sample.
Proliferations of some species of Dinophysis are extremely persistent throughout the year and
may lead to lengthy shellfish-harvesting closures. A precise taxonomic and toxinological
characterization of the species responsible for these outbreaks is essential, because species
with very close morphology may show large differences in their toxin profile and content.
Dinophysis acuminata Claparède et Lachmann and D. acuta Ehrenberg have been
reported as the main causative agents of Lipophilic Shellfish Toxins (LST) events –presence of
okadaiates and/or pectenotoxins in shellfish above regulatory levels– in New Zealand, Chile
and in the Atlantic coasts of Europe (van Egmond et al. 1993, Reguera & Pizarro 2008). The
taxonomic identification of Dinophysis spp. is largely based on the cell contour -size and shape
of their large hypothecal plates-, and the shape of the left sulcal lists and their ribs (Larsen &
Moestrup 1992). Nevertheless, each species of Dinophysis, on each locality, may exhibit a
continuum of shapes between large vegetative specimens and small gamete-like cells as a
result of their polymorphic life cycle (Reguera & González-Gil 2001). This morphological
variability causes uncertainty in the identification and quantification of phytoplankton samples,
especially in those where two close species of Dinophysis, such as the pair D. acuminata and
D. sacculus Stein (= D. pavillardii) co-occur. The term «Dinophysis acuminata complex»
was coined by several authors to label a group of co-occurring species, difficult to discriminate
with conventional light-microscopy methods (Lassus & Bardouil 1991, Bravo et al. 1995,
Koukaras & Nikolaidis 2004). A large array of morphologically distinct morphotypes of
Dinophysis have been labelled either as D. acuminata or as D. cf acuminata provided their
large hypothecal plates were dorsally convex and with a more or less oval/suboval shape.
Molecular biology may provide powerful tools to improve identification of organisms in
the laboratory, as well as in field samples. Due to the difficulties to establish species of Dinophysis
in culture, very sensitive techniques for single-cell DNA amplification were developed (Marín et
al. 2001a, Marín et al. 2001b, Edvardsen et al. 2003, Kai et al. 2006, Hart et al. 2007). In
the last years, these techniques have generated sequences for a rank of species of Dinophysis
(Rehnstam-Holm et al. 2002, Edvardsen et al. 2003, Hart et al. 2007) and provided an
important dataset for phylogenetic studies.
The nuclear rDNA operon has been extensively used to infer taxonomic relationships in a
large array of organisms, including microalgae. Its large (LSU, 28S rRNA) and small (SSU,
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18S rRNA) subunits have highly conserved regions that are widely used in phylogeny studies
(Bhattacharya & Medlin 1995, Puel et al. 1998, Guillou et al. 2002). However, the SSU has
shown a low resolution power to understand relationships within dinoflagellates (Saunders et
al. 1997, Saldarriaga et al. 2001). In the case of Dinophysis, sequence comparisons of the
D1-D2 LSU regions of different species have identified two major clades, and little variation
between D acuminata, D. acuta and D. norvegica Claparède et Lachmann (Edvardsen et al.
2003). Further, phylogeographical analysis based on LSU sequences were not successful to
establish intra-specific differences between Dinophysis isolates from different locations (Hart
et al. 2007).
The internal transcribed spacers, ITS1 and ITS2, of the nuclear rDNA operon have less
conserved regions and are more useful at close phylogenetic levels, such as those observed
between species and their populations. Nevertheless, these sequences were identical in the
species D. acuminata and D. norvegica (Edvardsen et al. 2003), and 99% identical in D.
acuminata and D. sacculus (Marín et al. 2001a).
Mitochondrial DNA is a useful candidate as a molecular marker in closer phylogenetic
reconstructions because their genes are generally conserved, but they are subject to more
variations than nuclear coding genes (Avise 1994, Saccone et al. 2000). Some mitochondrial
genes are better molecular clocks than the rDNA because they have a relatively constant mutation
rate, what makes them ideal for cross-taxa phylogenetic studies (Saccone et al. 2000). For
example, the cytochrome b (cob) is one of the mitochondrial genes that are most widely used
for phylogenetic population analyses (Taylor & Hellberg 2003). The combination of nuclear
and mitochondrial genes has been shown to provide robust phylogenetic trees among different
organisms, including protists of the group Alveolata (Serizawa et al. 2000, Rathore et al. 2001,
Zhang et al. 2005). Furthermore, the cytochrome c oxydase 1 (cox1) gene proved to be useful
to separate different clades of the dinoflagellate genus Symbiodinium (Takabayashi et al. 2004).
In late May 2006, a sudden bloom of Dinophysis spp. was detected during a routine
weekly monitoring sampling at one fixed station in the Galician Rías Baixas. A species of
Dinophysis, smaller and with a more regular oval contour than the typical D. acuminata from
the area, was the overwhelmingly dominant species in the size-fractioned (20-77 µm) plankton
concentrates. This small Dinophysis was identified as D. ovum Schütt. This work undertakes
a morphometric analysis of this species along with its toxinological characterization by LC-MS
analyses in plankton concentrates and in single cell isolates. For the first time, sequences of the
mitochondrial citochrome c oxidase 1 (cox1), combined with ITS rRNA are applied in
phylogenetic studies of Dinophysis spp.
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MATERIAL AND METHODS
Plankton samples
Sampling was carried out on board RV
J.M. Navaz at a fixed station (Bueu, P2, 42°
21.40’ N, 8° 46.42’ W) in Ría de Pontevedra
(Fig. 1) on 12 June 2006. Seawater from 3-5
m depth was pumped with a submersible pump
during 10 min, and passed through a set of
superimposed meshes. The 20-77 µm size-
fractioned concentrate was selected for
Dinophysis spp. studies, and diluted with
seawater into 5 l bottles so the plankton material
was kept fresh and alive during transportation
(1 h) to the laboratory.
Cells measurements and imaging
Maximum length (L) and dorso-ventral depth (W) of the large hypothecal plates of
Dinophysis cells were measured, following Balech (2002), with a micrometer inserted in the
ocular of the microscope. Measurements were obtained of 44 normal-sized cells of D. ovum.
Differential Interference Contrast (DIC) digitized micrographs of live cells were obtained under
a NIKON ECLIPSE TE2000-S inverted microscope with a NIKON D70 camera.
For the Scanning Electron Microscopy (SEM) examination, a simplified method was used,
not appropriate for naked dinoflagellates, but that has proved to work well with thecate species.
Lugol-fixed samples were diluted with distilled water (1 ml sample in 2 ml of water). Cells of D.
ovum and D. acuminata co-occuring in the same sample were isolated one by one with a
microcapillary pipette under the inverted microscope, placed in 5 µm polycarbonate membrane
filters (Isopore, Millipore Corp., Bedford, MA), and rinsed again with distilled water. Filters
were air-dried inside Petri dishes at room temperature and further placed and sealed over
stubs. Specimens, coated with gold with a K550 X sputter coater (Emitech Ltd., Ashford,
Kent, UK), were examined and photographed under a PHILIPS XL30 scanning electron
microscope (FEI Company, Hillsboro, OR USA) with an acceleration voltage of 10 kV.
Ría de Vigo
Ría de Pontevedra
Ría de Arousa
P2
42º 42'
42º 24'
8º 45' 8º 21'  W
N
Ría de Muros
Figure 1. Map of the Galician Rías Baixas (NW
Spain), and location of the sampling point (P2) in
Ria de Pontevedra.
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Phytoplankton counts for toxin analyses
Aliquots (50 ml) from the plankton concentrates collected for toxins analyses were taken
and preserved with Lugol’s iodine for cell counts. Identification and quantification of microplankton
from the whole bottom of a 3 ml sedimentation chamber was carried out, after sedimentation
for 1 h, under a NIKON ECLIPSE TE2000-S inverted microscope. Differential Interference
Contrast (DIC) digitized micrographs were taken with a NIKON D70 camera coupled to the
microscope.
Toxin extraction from phytoplankton concentrates and from single cell isolates
Back in the laboratory, a raw 15 ml sample from the 5 l bottles was centrifuged (1000 rpm,
20 min), and the supernatant eliminated; 500 µl of MeOH were added to the pellet and the
mixture sonicated for 1 min; remains in the sonication probe were rinsed with 250 µl of methanol
and the final sample of 750 µl was kept at -20º C until analysis. To prepare for the LC-MS
analysis, samples were sonicated again for 1 min and the remains in the sonication probe rinsed
with 250 µl of methanol, so the final extract sample had a volume of 1 ml. Extracts were centrifuged
at 5000 rpm for 20 min, the supernatant collected, and the pellet re-suspended in 500 µl for a
second extraction repeating the same procedure. Finally the two supernatants were combined,
mixed in a vortex and methanol added to a final volume of 2 ml. A 200 µl aliquot of these
extracts was filtered through 0.45 mm filters (Gelman Nylon Acrodisc 13 mm) prior to injection
of 35 µl sub-samples into the LC-MS system.
Dinophysis ovum-like cells were isolated one by one, from the plankton concentrates
with a microcapillary pipette under the inverted microscope, at 100X and 400X magnification;
transferred 2-3 times through sterile seawater and finally placed (with as little seawater as
possible) in a 1.5 ml eppendorf tube with 500 µl methanol, and then treated and kept until
analysis in the same way as the plankton concentrate extracts. To prepare for the LC-MS
analysis, the samples were transferred to a glass vial of 1.8 ml, the remains in the eppendorf
tube washed twice with 200 µl of methanol, and the supernatants combined and mixed in a
vortex prior to be dried at 40º C under reduced pressure on a Speed Vac (Savant, Instruments
Inc. Holbrook, N.Y.). The dried toxin extract was re-suspended in 200 µl of methanol, mixed
in a vortex and filtered through 0.45-mm filters (Gelman Nylon Acrodisc 13 mm) prior to
injection of 10 and 20 µl sub-samples into the LC-MS system.
LC-MS analyses
For toxins identification a LC-MS system was used. The chromatographic separation
was performed on a Thermo Finnigan Surveyor with a Waters XTerra C18 column (2.1×150
mm) packed with 5 µm particles at 35º C. The mobile phase consisted of (A) 2 mM ammonium
acetate at pH 5.8 and (B) 100% methanol, with a flow rate of 0.2 ml min-1. A linear gradient
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elution from 60% to 100% B was run 20 min and held at 100% B for 2 min, then decreased to
60% B over 3 min and held at 60% B for 5 min.
The spectral measurements were performed using an ion-trap mass spectrometer (Thermo
Finnigan LCQ-Advantage) equipped with a micro-electrospray ionization interface (µESI). The
mass spectrometer was operated at a temperature of 250º C and a spray voltage of 3.0 and 4.5
kV for positive and negative analyses, respectively. A  flow of 20 ml min-1 for the sheath gas,
and of 10 ml min-1 for the auxiliary gas were used.
Full scan data were acquired from m/z 200 to 2000, in both negative and positive ionization
modes. Negative mode was performed to confirm the toxin spectrum. The MS spectrum shifted
prominent ions at m/z 805 [M+H]+, 822 [M+NH4]
+, 827 [M+Na]+ and 803 [M-H]- for okadaic
acid (OA) and dinophysistoxin-2 (DTX2); 876 [M+NH4]
+, 881 [M+Na]+, 857 [M-H]- and
918 [M+CH3COO]
- for pectenotoxin-2 (PTX2).
In the case of extracts from single cell isolates, 20 µl were injected into the LC-MS. Due
to the low signal detected for the characteristic ions, the total flow (200 ml min-1) of the LC
eluent was introduced into the Ion-Spray interface through a capillary. To obtain a discernible
signal, a single ion monitoring (SIM) analysis and only one ionization mode were used according
to the possibilities of the mass spectrometer, and so, positive ionization mode was used to
record signals of the [M+NH4]
+ and [M+Na]+ ions at m/z 822 and 827 for both OA and
DTX2, and at m/z 876 and 881 for PTX2. The same column and particle-packing were used
for toxin analyses of single cell isolates. OA and PTX2 certified reference standards (NRC,
Canada), and a secondary reference material of DTX2 (1 µg ml-1) were used for calibration of
the LC-MS and quantification of toxins.
For the phytoplankton concentrates analyses, different volumes of a working solution (~
0.7 ng µl -1) of OA, DTX2 and PTX2, were used to generate a calibration curve (minimum of 5
points). The linearity of each point was tested according to Van Trijp & Roos (1991). Calibration
lines were obtained for each toxin. The amounts of toxins injected ranged from 0.8 to 6.6 ng for
OA and DTX2 (ions at m/z 805 plus 822 and 827) and from 1 to 6.0 ng for PTX2 (ions at m/
z 876 plus 881).
For the analyses of single cell isolates, calibration curves were obtained just for OA, the
only toxin detected in the plankton concentrates. A working solution (3 pg µl-1) of OA was used
to generate a five-point calibration curve, from 5 to 40 pg.
PCR amplification and sequencing of single-cell isolates
Dinophysis ovum-like cells were isolated, one by one, as explained in section 2.4, but
they had an additional final rinse in phosphate buffer solution (PBS 1X). The selected cells were
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then transferred to 200 µl Eppendorf tubes containing 5 µl of lysis buffer (0.005% SDS with
400 ng µl-1 Proteinase K) and treated following the procedure of Kai et al. (2006).
Amplifications were carried out in a thermocycler Thermal Cycler 2720 (Applied
Biosystems). All PCR reaction mixtures (50 µl) contained 3 single cells of Dinophysis and 1
mM of dNTP, 3 mM MgCl2, 1 mM of each primer, 5 µl of 10x PCR buffer and 0.025 u  l
-1
DNA Polimerase (AmpliTaq DNA Polymerase, Roche Molecular Systems). Amplification was
examined for correct length, purity and shield on 1% agarose gels stained with 0.5 mg ml-1
ethidium bromide and visualizated by UV-transilumination.
Amplification of the mitochondrial citocrome oxidase 1 (cox1) was performed with the
primers Dinocox1F (5’-AAAAATTGTAATCATAAACGCTTAGG-3’) and Dinocox1R (5’-
TGTTGAGCCACCTATAGTAAACATTA-3’) (Lin et al. 2002), with an initial denaturation
at 94º C for 10 min, 40 cycles at 94º C for 1 min, 55º C for 1 min and 72º C for 3 min, followed
by a 10-min extension step at 72º C.
The ITS1-5,8S-ITS2 regions were amplified with primers ITSB2 (5’-
CCTGCAGTCGACA(AG)AATGCTTAA(AG)TTCAGC(AG)GG-3’) and ITSA2 (5’-
CCAAGCTTCTAGATCGTAACAAGG(ACT)TCCGTAGGT-3’) (Adachi et al. 1994) with
an initial denaturation step of 94º C for 10 min followed by 30 cycles of 94º C for 1 min, 40º C
for 1 min, 72º C for 1.5 min, and a final extension of 72º C for 10 min.
Sequence analysis
PCR products were sequenced using the ABI PRISM Big Dye Terminator Cycle
Sequencing Ready Reaction Kit (ABI) and an Applied Biosystem ABI 310 (PE Applied
Biosystems, Foster City, California, USA) automated sequencer. The obtained sequences were
compared to those available in GenBank using the Basic Local Aligment Search Tool (BLAST)
algorithm to identify known sequences with high similarity. The selected sequences were aligned
with CLUSTAL X (Thompson et al. 1997) and Neighbor Joining (NJ) (Saitou & Nei 1987)
phylogenetic constructions were performed with PAUP* 4.0 (ver. 4.0b10) (Swofford 1998)
using the Kimura 3 parameter (Kimura 1981). Finally, support for the NJ branches was tested
by Bootstrap (Felsenstein 1985) analysis of 1000 repetitions.
RESULTS
Description of D. ovum
Redrawn figures corresponding to the original description of D. ovum by Schütt (1865)
and several morphotypes of the same species from Abé (1967) are shown in Figure 2.
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The specimens from the Galician Rías have their large hypothecal plates with a very regular
and rotund outline, almost symmetric in relation to the longitudinal axis (Fig. 3). Measurements
from a 44-cells sample were: L (length) = 36.6 ± 2.4 µm (range 32-42 µm), D (dorso-ventral
depth) = 26.4 ± 2.1 µm (range 22.5-32 µm ), and C (cingular width) = 8.5 ± 1.2 µm (range
7.5-12 µm). The epicone is not visible in lateral view. The cingular lists have no ribs. The left
sulcal list has a smooth contour and not very prominent ribs. The thecae are ornamented with
areolae, and there are plastids present in the cytoplasm.
The main differences between D. ovum and D. acuminata are that D. acuminata from
Galician coastal waters is larger (L = 44.1–58.7 µm; D = 24.3-43.4 µm), dorso-ventrally inclined,
has a more straight ventral margin, a slightly tapered antapical contour and larger left sulcal lists
with more prominent ribs than D. ovum (Fig. 3). The latter is widest below the middle region of
the large hypothecal plate (LHP) and has a lower L:D ratio than D. acuminata, that is widest
around the middle region of the LHP. The right sulcal list of D. ovum ends close to the base of
the second rib (R2) of the left sulcal list, whereas in D. acuminata is longer and ends near the
middle point between the bases of R2 and R3 (Fig. 4). Differences between D. ovum and D.
acuminata are more notorious when their small cells are considered. Those of D. ovum retain
almost the same rotund contour of the normal-sized cells, with a convex dorsal margin, whereas
Figure 2. Dinophysis ovum Schütt. (a-c) Redrawn from the original description by Schütt (1895) Fig. 61-3. (d-
k) Redrawn from Abé (1967) Fig. 10 a, b, c, d, e, g, f, j, respectively.
135Capítulo 3. Dinophysis ovum
the small cells of D. acuminata have a pointed
antapical region and an almost straight dorsal margin
(Fig. 3).
Composition of plankton concentrates
Analysis of the lugol-fixed size-fractioned
plankton concentrates revealed a population of
dinoflagellates and undetectable levels of other
microalgal groups. On 12 June, D. ovum was the
dominant species and represented 47% of the
phytoplankton assemblage, and 97% of the total
Dinophysis spp. (Table 1). It was a very ephemeral
bloom, as one week later, on 19 June, dinoflagellates
were still the dominant group, but species of the genus
Ceratium -C. furca (Ehrenberg) Claparède et
Lachmann and C. fusus (Ehrenberg) Dujardin-
became dominant, and D. acuminata (3.5%) and D.
ovum (4%) represented a very small part of the
microplankton assemblage.
LC-MS analyses of the phytoplankton-
concentrate and of single cell isolates
Figure 5A, B shows chromatograms and mass
spectra of the standards extracted from the full-scan
(m/z 200–2000) positive ion LC-MS analysis. Peaks
corresponding to OA, DTX2 and PTX2 (at 8.0, 8.9
and 12.1 min, respectively), presented spectra with
[M + H]+, [M + NH4]
+ and [M + Na]+ ions at m/z
805, 822 and 827 for OA and DTX2; [M + NH4]
+
and [M + Na]+ ions at m/z 876 and 881 for PTX2. Figure 5C, D shows chromatograms and
the corresponding spectra obtained from the full-scan (m/z 200–2000) positive ion LC-MS
analysis of the phytoplankton-concentrate. The peaks corresponded to OA (Fig. 5C) and traces
of PTX2 (Fig. 5D) (at 7.9 and 12.0 min, respectively). The estimated cell toxin quota of OA
was 8.5 pg cell-1 of Dinophysis.
Figure 6A shows the LC-MS chromatograms and mass spectra in positive mode of the
predominant ions of the OA, [M + NH4]
+ and [M + Na]+ at m/z 822 and 827 in the standard
solution prepared for analysis of single cell isolates. A peak occurred at a retention time of 7.6
Figure 3. Differential interference contrast
(DIC) micrographs of (A-B) Normal-sized,
(C-D) intermediate and (E-F) small cells of
D. ovum (left column) and D. acuminata
(right column) from Ría de Pontevedra (NW
Spain). Scale bars 20µm.
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min that presented the typical spectra of OA with [M + NH4]
+ and [M + Na]+ ions at m/z 822
and 827. Figure 6B shows the LC-MS chromatograms and mass spectra in positive mode of
the OA present in the single cell isolates of D. ovum. The estimated cell toxin quota of OA was
7.0 + 0.3 pg cell-1.
Molecular analyses of D. ovum
• Analyses of Internal Transcribed
Spacers ITS1 and ITS2
The ITS rDNA region of D. ovum
(GenBank accession no. AM931581) and D.
acuminata (GenBank accession no.
AM931580) isolated from Galician waters
was sequenced. Phylogenetic analyses of D.
ovum were performed and compared with the
corresponding sequences from 16 species of
Dinophysis available at the GenBank and with
the sequence from D. acuminata obtained in
this study.
The Neighbour Joining (NJ) tree (Fig.
7) shows that larger-sized species of
Dinophysis, D. caudata Kent and D. tripos
Gourret, were the most divergent. The new
Table 1. Relative abundance and composition of the
20-77 µm size fraction in a plankton concentrate from
12 June 2006 collected in Ría de Pontevedra (NW
Spain).
Species cell   ml-1 % 
Ceratium furca 280 5.9 
C. fusus 27 0.6 
C. horridum 7 0.1 
Dinophysis acuminata 34 0.7 
D. caudata 13 0.3 
D. rotundata 27 0.6 
D. ovum 2221 47.0 
Diplopsalis lenticula 387 8.2 
Protoperidinium diabolus 500 10.6 
P. divergens 47 1.0 
P. cf. leonis 13 0.3 
P. steinii 434 9.2 
P. cf. ovatum 700 14.8 
Scrippsiella sp. 33 0.7 
   
Total Dinoflagellates 4729  
   
TOTAL 4729  
 
Figure 4. Scanning electron microscopy micrographs of specimens from Ría de Pontevedra (NW Spain): (A)
D. acuminata (B) D. ovum and (C) Detail of the right sulcal list of D. ovum. Scale bars 20µm.
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D. acuminata AM931580 was grouped with other D. acuminata strains from France, Vigo
(Spain), Australia, Japan and UK. This clade contained the smaller-sized Dinophysis species,
such as D. acuminata, D. norvegica, D. dens Pavillard, D. sacculus, D. ovum and D. acuta.
Curiously, specimens labeled as D. dens, a life-history stage of D. acuta (Reguera et al. 2004)
that may be confused with other smaller-sized species of Dinophysis co-occurring in the samples,
did not group together with the D. acuta group. D. ovum grouped with all the D. sacculus
strains, and with D. pavillardii, a taxon considered a synonym of D. sacculus (Zingone et al.
1998).
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Figure 5. LC-MS chromatograms, in positive ionization mode, with their retention time (Left) corresponding
to the OA, DTX2 and PTX2 standards and the plankton concentrate, and and mass spectra for [M+NH4]
+
and [M+Na]+ (right ): (A) OA and DTX2 standards; (B) PTX2 standard; (C) and (D) OA and PTX2 respectively,
found in the plankton concentrate rich in Dinophysis ovum.
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• Analyses of Citochrome Oxydase 1
The PCR amplification of mitochondrial genes of D. ovum AM931583 and D. acuminata
AM931587 yielded a DNA fragment of 1037 bp (Fig. 8). Alignment of the sequences from
both species showed 25 nucleotide mismatches distributed in three sites: seven mismatches
between positions 58 and 118; five between 197 to 240, and 13 from 913 to 955. Thus, the
last region showed to be the most variable, with 13 different bases and with two extra nucleotides
on the sequence from D. acuminata.
DISCUSSION
Morphology
The species of Dinophysis, D. ovum, described here, can be separated from D. acuminata
on morphological bases, at the light microscope, by experts acquainted with the genus in their
locality. Nevertheless, D. ovum has probably been misidentified as D. acuminata in different
parts of the world where D. ovum is the only predominant morphospecies of the «Dinophysis
acuminata complex». Cells of Dinophysis very similar to the Galician D. ovum were labeled
as D. cf acuminata, and formed dense blooms in Thermaikos Gulf (Greece) (Koukaras &
Nikolaidis 2004, Figs. 3, 5, 7 and 8); similar morphotypes are labeled as «D. acuminata from
Figure 6. LC-MS chromatograms in positive ionization mode, for selected ion monitoring (SIM) of the
predominant ions in the OA standard solution: [M+H4]
+ and [M+Na]+ at m/z 822 and 827, with their retention
time (left) and mass spectra for [M+NH4]
+ and [M+Na]+ (right). (A) OA standard, (B) OA in single cell
isolates of D. ovum.
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the South» by Portuguese phytoplanktologists (T. Moita, pers. com.) to distinguish the D. ovum-
like specimens from the Algarve region (Southern Portugal) from the larger D. acuminata from
Northern Portugal. The D. ovum described here is also very similar to Dinophysis specimens
labeled as D. acuminata in the monitoring programme on the Atlantic coast of Andalucia
(Southern Spain) (L. Velo-Suárez, pers. com.).
Other Dinophysis spp. from the D. acuminata complex with a morphology close to that
of D. ovum are D. sphaerica Stein and D. similis Kofoid and Skogsberg. These two species
Figure 7. Phylogenetic tree based on ITS1-5,8S-ITS2 sequences, inferred by Neighbour Joining, that shows
the relationship of D. ovum (in bold) from Galician coastal waters with other species of Dinophysis. The tree
is rooted on Prorocentrum minimum (EF579797). The Bootstrap values (1000 replicates) are shown at the
internal branches. GenBank accession numbers of the genes are shown after the organism’s name. Bar
indicates substitutions per site.
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could be very easily confused with D. ovum if they coincided in the same sample; a closer look
would reveal that they are larger than the latter and have ribs in their cingular lists.
Toxin composition
LC-MS analyses of plankton concentrates where D. ovum was the dominant species and
of single cell isolates of D. ovum showed that OA was the only lipophilic toxin present in this
species at detectable levels with the analytical methods described for this study. D. ovum did
not contain DTX2 or PTX2, toxins that together with OA are major components of D. acuta
from Galician waters (Pizarro et al. 2008). OA has been reported as the only toxin present in
single cell isolates of D. acuminata (Fernández et al. 2001) and in mussels exposed to blooms
of this species in Galicia and Portugal (Fernández et al. 2003, Vale et al. 2008). Therefore, D.
acuminata and D. ovum from Galician coastal waters are undistinguishable on the basis of
their toxin profile. Values of cell toxin quota for OA estimated from plankton concentrates (8.5
pg cell-1) and from single cell isolates (7.1 pg cell-1) were very close in samples from 12 June.
This was probably due to the fact that the plankton concentrate was very rich in D. ovum, the
dominant species in the microplankton assemblage.
Molecular Analyses
Previous molecular studies with Dinophysis spp. (Marín et al. 2001b, Edvardsen et al.
2003) have shown that the ITS rRNA genes within the species of this genus exhibit low levels of
sequence variability and yield poor results for phylogenetic analyses. Results from the present
Figure 8. Aligment of the cox1 nucleotide (nt) positions where substitutions occurred. D. ovum is shown on
the first line, with the numbers of nt positions shown on the top. Dots indicate regions where nucleotides of
D. acuminata AM931587 were identical to those of D. ovum AM931583. Dash lines indicate gaps.
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                        |......|....|....|....|....|....|....|....|  
         CATATCTTGGGA--ATCCACCATTGTTACAGCTCAAAACTAGT 
            A.A......TA.TC...A......AGG.AT............A 
D. ovum
D. acuminata
D. ovum
D. acuminata
D. ovum
D. acuminata
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work on analyses of the ITS rDNA of D. ovum and D. acuminata are in agreement with these
observations.
The need to explore other gene sequences led us to try the analyses of mitocondrial genes,
because they have been claimed to show a greater variability than nuclear genes (Avise 1994,
Saccone et al. 2000). Results from this work, where the sequence of mitochondrial genes have
been applied for the first time on molecular studies of Dinophysis spp., are very promising. A
mismatch of 25 bp between the alignments of mitochondrial genes of D. ovum and D. acuminata
is, by far, the largest difference ever observed between DNA sequence alignments of smaller-
sized species of Dinophysis -including D. acuminata- that usually group in the same clade
when the sequence of their ITS rDNA region is compared. We can conclude that the
mitochondrial genes are, so far, the most appropriate to tag different sequences of DNA if the
objective is to achieve a species-specific separation of Dinophysis spp.
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ABSTRACT
During November 2005, a dense bloom of Dinophysis spp. dominated (>97%) by
Dinophysis acuta, provided a unique opportunity to describe the full toxin profile of this species
in plankton concentrates, including toxins that represent a low percentage and escape detection
in analyses of single-cell isolates. Detection and identification of toxins were carried out by
liquid chromatography coupled to mass spectrometry (LC-MS/MS), a method that is based on
their retention times (RT) and the fragmentation patterns of their mass spectra. OA-D8 diol-
ester and PTX11 were detected in co-occurrence with okadaic acid analogues (OA, DTX2)
and PTX2 in plankton concentrates with an overwhelming dominance of D. acuta collected
during a daily cycle (24 h) study in the Galician Rías Baixas. The presence of a PTX11-isomer
which was suggested as PTX13 or a novel PTX11 isomer, released in the sea water, was also
confirmed in samples obtained after deployment of passive samplers in situ, based on the
«solid phase adsorbing toxins tracking» (SPATT) technique, at the time of the D. acuta bloom
maximum.
The amount of PTX11 per cell of D. acuta, estimated as PTX2 equivalents, ranged between
below detection and 2.2 pg cell-1, and represented a maximum of 7.7% of the PTX2. The
variability patterns of the PTX11 content per cell of D. acuta, during a 24 h cycle, was similar
to that of PTX2, with maxima at 21.00 and 3.00 h (dark hours), but the amounts per cell were
one order of magnitude lower.
KEY WORDS: DSP toxins, okadaic acid, dinophysistoxins, OA-D8 diol-ester, dinophysistoxin-
2, pectenotoxins, Dinophysis acuta, LC-MS/MS.
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INTRODUCTION
Diarrhetic shellfish poisoning (DSP) is a severe gastrointestinal illness caused by consumption
of shellfish exposed to planktonic blooms of toxigenic dinoflagellates of the genus Dinophysis
spp. (Yasumoto et al. 1980) and to epiphytic species of the genus Prorocentrum spp. (Bauder
et al. 1996). Okadaic acid (OA), dinophysistoxin-1 (DTX1) and dinophysistoxin-2 (DTX2)
are the main toxins responsible for the DSP syndrome (Yasumoto et al. 1985). The co-
occurrence of OA and DTX2 have only been reported in D. acuta populations from Spain,
Ireland and Portugal (James et al. 1999, Vale & Sampayo 2000), whereas the D. acuta
populations from Norway and Sweden present a combination of OA and DTX1 (Lee et al.
1989, Johansson et al. 1996).
Recently, several derivatives of the okadaic acid analogues and its esters, the OA diol-
esters, have been reported from Prorocentrum spp. cultures  (Yasumoto et al. 1987, Hu et al.
1992, Hu et al. 1995a, Hu et al. 1995b, Suárez-Gómez et al. 2001, Suárez-Gómez 2004,
Cruz et al. 2006). One of these derivatives, the OA-D8 diol-ester, has been found in field
populations of D. acuta from New Zealand (Suzuki et al. 2004) and its presence suspected in
populations of the same species from Galicia (Pizarro et al. 2008).
Pectenotoxin-2 (PTX2), a polyether macrolide reported to be highly hepatotoxic (Terao
et al. 1986), is another toxin -with different structure and biological effect- usually found together
with the DSP toxins in several mixotrophic species of Dinophysis, such as D. acuta (Suzuki et
al. 2003, Fernández-Puente et al. 2004, MacKenzie et al. 2004, Miles et al. 2004a, b, Vale
2004, Fernández et al. 2006), D. caudata (Fernández et al. 2006), D. acuminata (Miles et
al. 2004b), D. fortii (Lee et al. 1989, Suzuki et al. 1998) and D. norvegica. Traces of this
toxin have also been found in the heterotrophic D. rotundata (Miles et al. 2004b), but it has
never been detected in Prorocentrum spp. Another PTX, the PTX11, has been recently found
in D. acuta populations from New Zealand (Suzuki et al. 2003, Suzuki et al. 2006), and
PTX12 was detected in D. acuta, D. acuminata and D. norvegica from Flødevigen Bay,
Norway (Miles et al. 2004b).
The toxicity -by intraperitoneal administration to mice- of PTX11 is similar to that of
PTX2. No signs of toxicity were recorded in mice following an oral dose of PTX11 (Suzuki et
al. 2006) and PTX2 (Miles et al. 2004a) of 5000 µg kg-1.
The toxins OA, DTX2 and PTX2 have been reported as the main toxic components in
populations of D. acuta from Galicia (Fernández et al. 2001, 2006) and this species has been
associated with the occurrence of DTX2, PTX2 and PTX2SA in Galician (Gago et al. 1996)
and Portuguese shellfish (Vale 2004).
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In order to prevent human intoxications, programmes to monitor phycotoxins in shellfish
have implemented mouse bioassays (MBA) as their official testing method (European
Commission 2005). These assays – that provide a measure of total lipophylic toxins toxicity
based upon the biological response of the animal- have proven to be effective to protect human
health. Nevertheless, MBA are not very selective, have a low specificity and sensitivity, and
may lead to false positives due to interferences within the complex biological matrices where the
toxins are embedded (Fernández et al. 2003). A good knowledge on the toxin profile and
content is needed if alternative methods to MBA (LC-FLD, LC-MS, inmunoassays or functional
assays) are implemented, as states the Annex III of the Regulation 2074/2005/EC (European
Commission 2005).
During November 2005 in the Galician Rías Baixas, a dense bloom of the species D.
acuta, that represented 97-100% of the DSP-toxin producers (Pizarro et al. 2008), have
been showed a toxin profile dominated by okadaates (OA, DTX2) and PTX2. The aim of the
current study was to describe the full toxin profile of this species paying special attention to the
toxins that represent a low percentage and escape detection in the analyses of single-cell isolates.
This study constitutes the first report of the detection, by LC-MS/MS, of PTX11 in samples of
D. acuta from the Galician Rías Baixas, together with OA-D8 diol-ester. The circadian variability
of the PTX11- content per cell, as well the detection of a PTX11-isomer released in the seawater
(adsorbed by SPATT resins) during this bloom are also reported.
MATERIAL AND METHODS
Field Sampling
From 9-10th November 2005, an intensive sampling was carried out on board R/V J.M.
Navaz at a fixed station (Bueu, P2, 42° 21.40’ N, 8° 46.42’ W) in Ría de Pontevedra (Fig. 1),
from 17:00 to 15:00 GMT, at 2 h intervals, except from 07:00 to 11:00, when it was carried out
every hour.
Water samples were collected with vertical hauls with a 20 µm mesh plankton net and
passed through a 100 µm mesh to eliminate large microzooplanktonic organisms. The plankton
slurry obtained after concentration of the remainder through a 20 µm mesh, was backwashed
with a squirting bottle with methanol (until 15 ml), collected into a centrifuge plastic tube and
immediately stored in a deep-freeze on board. The initial and final volumes of the concentrate
were logged for further estimates of toxin content per cell. Methanol-fixed samples were kept
at -20 ºC until time of analysis.
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Lipophilic toxins released in the seawater were tracked in situ with DIAION HP20
adsorbing resins -previously activated in the laboratory- suspended at 3, 7 and 12 m depth on
a rope hung by a mussel raft in the study area, from 8 to 14 November 2005.
Phytoplankton counts
For quantification of cells in the net-hauls (toxin samples), 3 ml of lugol-fixed subsamples
were placed in HYDROBIOS sedimentation chambers for 1 h, and one half or the whole
bottom of the chamber was counted.
Phytoplankton and resins toxin extractions
Net samples re-suspended in methanol were sonicated for 1 min and remains in the
sonication probe rinsed with 500 µl of methanol. Extracts were centrifuged at 5000 rpm for 20
min, the supernatant collected, and the pellet re-suspended in 2 ml for a second extraction
repeating the same procedure. Finally the two supernatants were combined, mixed and the final
volume logged. An aliquot of this solution was filtered trough a 0.45 µm nylon filter (Gelman
Nylon Acrodisc 13 mm, or Osmonic Inc. Cameo 3N 3 mm) prior to injection into the LC-MS
system; the aliquot volume varied (2-10 µl) depending on the kind of toxin to be analyzed and
the cellular concentration of Dinophysis in the sample.
Figure 1. Map of northwest Iberian
Peninsula (right empty rectangle) and of
the Ría of Pontevedra (Bueu) showing the
sampling point, station P2.
Ría de Vigo
Ría de Pontevedra
Ría de Arousa
Ría de Muros
P2
42º 42'
42º 24'
8º 45' 8º 21'
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The extraction of toxins from the resins was carried out as described in Pizarro et al.
(2008). Briefly, after 7 days of exposure, resin-holders were recovered, and the resins washed
with MilliQ water ( 40 ml) to eliminate sea salts. After drainage, the resin was soaked with 20 ml
of methanol and left a minimum of 2 h before elution, and then washed with 10 ml of methanol
five times (flow of 0.5 ml min-1) until a final volume of 50 ml was reached. These pre-extraction
samples were kept below 4 ºC until analysis. To prepare for the LC-MS analysis, 4 ml of the
extract-samples were dried at 40 ºC under reduced pressure on a Speed Vac, re-suspended in
500 µl of methanol and filtered through 0.45-µm filters prior to injection into the LC-MS
system. The volume injected varied (5-20 µl) depending on the toxin concentration in the sample.
LC-MS analyses
For toxins identification, a LC-MS system was used. Initially the chromatographic separation
of toxins was performed on a Thermo Finnigan Surveyor with a Waters XTerra C18 5µm (2.1
x 150 mm) column at 35 ºC. Subsequently the column was replaced for a Waters XBridge C18
5 µm (2.1 x 150 mm) column, to confirm the presence of DTX2, OA-D8 diol-ester, PTX1 and
PTX11 in the standard, reference material and in the samples. Thus, it was possible to identify
the peaks corresponding to that had appeared in our previous LC-MS chromatograms. The
mobile phase consisted of (A) 2 mM ammonium acetate at pH 5.8 and (B) 100% methanol,
with a flow rate of 0.2 ml min-1. A linear gradient elution from 60% to 100% B was run 20 min
and held at 100% B for 2 min, then decreased to 60% B over 3 min and held at 40% B 5 min.
The spectral measurements were performed using an ion-trap mass spectrometer (Thermo
Finnigan LCQ-Advantage) equipped with a micro-electrospray ionization interface (µESI). A
split was used during the analyses in such a way that a flow between 30 and 50 ml min-1 of the
LC eluent went into the Ion-Spray interface through a microcapillary. The mass spectrometer
was operated at a temperature of 250 ºC and a spray voltage of 3.0 and 4.5 kV for positive
and negative analyses, respectively. Flows of 20 ml min-1 for the sheath gas and of 10 ml min-1
for the auxiliary gas were used.
Full scan data were acquired from m/z 300 to 2000, in both negative and positive ionization
modes. Negative mode was performed to confirm the toxin spectrum. Selected ion
chromatograms were performed on prominent ions at m/z 876 [M+NH4]
+, 881 [M+Na]+ and
857 [M-H]- for PTX2, at m/z 892 [M+NH4]
+, 897 [M+Na]+, 873 [M-H]- and 919
[M+HCOOH-H]- for PTX1 and PTX 11, while OA-D8 diol-ester was detected on ions at m/
z 946 [M+NH4]
+, 951 [M+Na]+ and 988 [M+CH3COO]
-.
PTX2 calibration curves were used to quantify, as PTX2 equivalents, the new PTX11
toxin. The assumption was made that closely related analogues and derivatives (e.g. OA-D8
diol-ester, PTX11, PTX11-isomer) gave the same responses as the parent toxins and the
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calibration curves from the parent quantitative standards were therefore applied to estimate
concentrations of the respective related compounds.
Concentrations per cell of the OA-D8 diol-ester, estimated as OA equivalents, and the
putative PTX1 (that turned out to be a PTX11-isomer), as PTX1 equivalents, were already
reported in Pizarro et al. (2008).
A PTX2 standard solution (0.6 ng µl-1 aprox.) was used to generate a four-point calibration
curve every 15–20 samples with variable injection volumes. The linearity of each point of the
calibration curve was tested following the method of Van Trijp & Roos (1991). With the accepted
linearity points (Pizarro et al. 2008), calibration lines were obtained for each toxin depending
on concentration in the samples.
2.5. LC-MS/MS analyses
LC-MS/MS analyses were performed by applying a supplementary voltage (Collision
Energy, CE) of 60 eV on the precursor ions at m/z [M+NH4]
+ of the OA related compounds,
DTX2, OA-D8 diol-ester, PTX1 and PTX11. Although the [M+Na]+ ions were also detected
in all the cases, the fragmentation was performed only on [M+NH4]
+ ions. Therefore, these ions
with ammonium were used for comparisons of mass spectrum.
RESULTS AND DISCUSSION
Phytoplankton samples
D. acuta represented between 97.4 and 100% of the DSP-toxin producers in the plankton
net hauls, with reached concentration higher than 1000 cell ml-1 of D. acuta.
LC-MS and LC-MS/MS analyses
Figure 2 show the LC-MS extracted ion chromatograms (left) and mass spectra (right)
obtained in the LC-MS analysis in positive ionization mode for the OA-D8 diol-ester reference
material (Fig. 2A) and the net-haul phytoplankton concentrate collected on 8 November 2005
(Fig. 2B). Both samples showed the ions at m/z 946 [M+NH4]
+ plus 951 [M+Na]+ eluting at
14.3 min.
The mass spectrum obtained after the fragmentation of the ion at m/z 946 [M+NH4]
+ of
the OA-D8 diol-ester reference material (Fig. 2C) was in agreement with the MS/MS
fragmentation pattern for OA related compounds (Quilliam 1995; Paz et al. 2007). This
characterized by the loss of the NH4
+ and the consecutive loss of H2O molecules yielding a
series of ions were the ions at m/z 751 and 769 are predominant (Quilliam, 1995), as well as
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several characteristic fragment ions of OA related compounds such as m/z 287, 305, 429 and
447 (Fig. 2C). The fragmentation pattern of the ion at m/z 946 eluting at 14.3 min. detected in
the phytoplankton concentrates samples (Fig. 2D) was identical to that of the OA-D8 diol-
ester reference material (Fig. 2C). This mass spectrum was also similar to those previously
Figure 2. (A) LC-MS chromatograms in positive ionization mode (left) and mass spectra on ions [M+NH4]+
and [M+NA]+ (right) for OA-D8 diol-ester reference material, and  (B) Net-haul phytoplankton collected at
8 November 2005. (C) LC-MS/MS chromatograms (left) and product ion mass spectra for selected ions at
m/z 946 and 951 (right) obtained by applying a CE of 60% for OA-D8 diol-ester reference material, and (D)
Net-haul phytoplankton collected at 8 November 2005.
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reported for the OA-D8 diol-ester (Suzuki et al. 2004; Paz et al. 2007). Therefore the presence
of the OA-D8 diol-ester in the samples was confirmed.
Figure 3 show the LC-MS chromatograms (left) and the respective mass spectra (right)
obtained in positive ionization mode of ions at m/z 892 [M+NH4]
+ plus 897 [M+Na]+ for the
PTX11 reference material (Fig. 3A) and for the net-haul phytoplankton concentrate collected
Figure 3. (A) LC-MS chromatograms in positive ionization mode (left) and mass spectra on ions [M+NH4]+
and [M+NA]+ (right) for PTX11 reference material, and  (B) Net-haul phytoplankton collected at 9 November
2005. (C) LC- MS/MS chromatograms (left) and product ion mass spectra for selected ions at m/z 892 and 897
(right) obtained by applying a CE of 60% for PTX11 reference material, and (D) Net-haul phytoplankton
collected at 9 November 2005.
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on 9 November 2005 (Fig. 3B). Similar RT were recorded for both injected samples, 12.3 and
12.2 min., respectively.
The fragmentation of the PTX11 reference material at m/z 892 [M+NH4]
+ (Fig. 3C) was
in agreement to that previously reported by Suzuki et al. (2006). This fragmentation is
characterized by the loss of the NH4
+ and the consecutive loss of H2O molecules that give a
fragmentation pattern with the ions at m/z 821 and 839 as predominant, together with several
Figure 4. (A) LC-MS chromatograms in positive ionization mode (left) and mass spectra on ions [M+NH4]+
and [M+NA]+ (right) for PTX1 reference material, and  (B) Isomer of PTX11 in the water and adsorbed by
resins at 8-14 November 2005. (C) LC-MS/MS chromatograms (left) and product ion mass spectra for
selected ions at m/z 892 and 897 (right) obtained by applying a CE of 60% for PTX1 reference material, and
(D) Isomer of PTX11 in the water and adsorbed by resins at 8-14 November 2005.
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characteristic fragment ions of PTX11 such as m/z 437, 455 and 551 (Fig. 3C). The fragmentation
mass spectrum of the PTX11 detected in the phytoplankton concentrate at m/z 892 [M+NH4]
+
(Fig. 3D) was similar to that shown for the PTX11 reference material (Fig. 3C). Therefore their
assignment as PTX11 is confirmed.
Figure 4 show the LC-MS chromatograms (left) and the mass spectra (right) obtained in
positive ionization mode with peaks at m/z 892 [M+NH4]
+ plus 897 [M+Na]+ for the PTX1
reference material (Fig. 4A) and for the free PTX11-isomer released in the seawater and adsorbed
by the resins between 8-14 November 2005 (Fig. 4B) (RT 9.8 and 9.9 min, respectively).
The fragmentation of the PTX1 reference material at m/z 892 [M+NH4]
+ eluting at 9.8
min. (Fig. 4C) was in agreement to that previously reported by Suzuki et al. (2003). This
fragmentation is characterized by the loss of the NH4
+ and the consecutive loss of H2O molecules
that leads the ions at m/z 821 and 839 as predominant ions as well as to several characteristic
fragments (Fig. 4C) and different of PTX11 (Fig. 3C) such as m/z 461 and 531. The fragmentation
of the PTX11-isomer, released in the seawater, at m/z 892 [M+NH4]
+ and eluting at 9.9 min
(Fig. 4D), matched those shown in Suzuki et al. (2003, 2006) for PTX11. This fragmentation
is characterized by the loss of the NH4
+ and the consecutive loss of H2O molecules, that leads
to a series of predominant ions at m/z 821 and 839 and the characteristic fragments for the
PTX11 derivatives such as ions at m/z 455 and 551 (Fig. 3C). These characteristic fragments
differ from that of PTX1 (Fig. 4C). Moreover the RT of the PTX11-isomer (9.9 min) (Fig. 4B)
was different to that of PTX11 (12.3 min) (Fig. 3A) and similar to that of PTX1 (9.8 min) (Fig.
4A). Therefore, their assignment as a PTX11-isomer and not as PTX1 is confirmed. Because
Figure 5. Cell toxin quota for PTX2 and PTX11 during the daily cycle
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PTX13 (Miles et al. 2006) elutes earlier than PTX11 in a separation on a reversed phase
column, the PTX11 isomer detected in our present study is probably PTX13 or a novel PTX11
isomer.
Once identified the PTX11 in the D. acuta cells, the amount per cell was estimated as
PTX2 equivalents, and therefore was determined its production during the daily cycle (Fig. 5).
The content of PTX11 per cell showed maxima at 21.00 and 3.00 h (dark hours) during a 24 h
cycle (Fig. 5). This pattern was similar to that shown by PTX2, but the concentrations of
PTX11 were one order of magnitude lower.
There are important differences between the proportion of toxins of D. acuta populations
from New Zealand and those from the Galician Rías Baixas. In the former, PTX2 and PTX11
are the predominant toxins of their toxin profile and PTX11 can reach until a 57% of that of
PTX2 (MacKenzie et al. 2002), whereas PTX11 represents a maximum of 2.9 % of the total
toxin content (PTXs+okadaates included OA-D8 diol-ester), or a maximum of 7.7% of that of
PTX2, of D. acuta from the Galician Rías Baixas.
CONCLUSIONS
PTX11 and OA-D8 diol-ester are present in D. acuta populations from the Galician Rías
Baixas, and a PTX11-isomer was found released in the seawater during a bloom of Dinophysis
where D. acuta represented >97% of Dinophysis spp. in plankton hauls with over 1000 cell
ml-1. The amount of PTX11 per cell of D. acuta, estimated as PTX2 equivalents, ranged between
below detection and 2.2 pg cell-1 (Fig. 5) and its concentration represented a maximum of 7.7%
of that of PTX2.
The 24 h-cycle pattern of the PTX11 content of per cell was similar to that shown by
PTX2, but the concentrations of PTX11 were one order of magnitude lower.
There are important differences between the proportion of toxins of D. acuta populations
from New Zealand and those from the Galician Rías Baixas. In the former, PTX2 and PTX11
are the predominant toxins of their toxin profile, whereas these toxins represents a maximum of
2.9 % of the total toxin content (PTXs+okadaates included OA-D8 diol-ester) of D. acuta
from the Galician Rías Baixas.
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ABSTRACT
In 2005, a bloom of the Diarrhoetic Shellfish Poisoning (DSP) causative agent Dinophysis
acuta Ehrenberg in the Galician Rías Baixas (NW Spain) started in early August and reached
maximum densities (up to 2 104 cell l–1) in mid November. A cell cycle study was carried out
over a 22 h period on 9 and 10 November to describe the physiological status and the short-
term variability in cell toxin quota of D. acuta at the time of the annual maximum of lipophilic
toxins in shellfish. At that time, the population of D. acuta showed an extremely low division
rate (µ = 0.03 d–1), a high frequency of dead cells (up to 15%) and cells with starch granules (up
to 93%), and no evidence of recent mixotrophic behaviour. Still, the cells, which did not perform
vertical migration, aggregated around salinity-driven density discontinuities in the top 5 m and
had a high cell toxin quota (determined by liquid chromatography-mass spectrometry) for this
species. A 3.5-fold difference was found between maximum (during the night) and minimum
values of cell toxin quota. Okadaic acid (OA) was the predominant toxin and changes in cell
quota of different toxins showed different daily patterns in the content of okadaates and
pectenotoxins; thus, the toxin profile is influenced by the time of sampling. Dissolved toxins
(adsorbed by resins in passive samplers from 8 to 14 November) also reached annual maxima
and reflected the vertical distribution of D. acuta cells. These results emphasize the need to
parameterize physiological conditions and behaviour of Dinophysis populations during different
phases of the population growth and hydrodynamic scenarios.
KEY WORDS: Dinophysis spp., Cell cycle, Cell toxin quota, DSP toxins, Okadaic acid,
Diol-esters, Pectenotoxins.
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INTRODUCTION
The dinoflagellate species Dinophysis acuminata Claparède and Lachmann and
Dinophysis acuta Ehrenberg contain Diarrhoetic Shellfish Poisoning (DSP) toxins—e.g. okadaic
acid (OA) and dinophysistoxins (DTXs)—and pectenotoxins that are transferred through the
food web. Successive occurrences of these 2 species have lead to prolonged closures of shellfish
harvesting on European Atlantic coasts, in New Zealand and in Chile (Reguera & Pizarro 2008).
D. acuta is a common member of the late summer-autumn (August to November) phytoplankton
assemblage in northwest Iberian coastal waters (Reguera et al. 1995, Moita et al. 2006). In
years when very hot summers and moderate upwelling allow the establishment of deeper
thermoclines, this species replaces D. acuminata as the main DSP agent and leads to more
prolonged shellfish closures (Escalera et al. 2006b). Maximum concentrations of D. acuta in
the Galician Rías Baixas have been found under 2 different scenarios: 1) thermally driven
stratification that allows for in situ division and 2) relaxation/downwelling conditions (at the end
of the upwelling season in autumn) that favour along-shore and cross-shelf transport and a
selective accumulation of large swimming dinoflagellates, including Dinophysis spp., inside the
rías (Fraga et al. 1988, Figueiras et al. 1994).
The long-term objective of any major programme focused on toxin-containing microalgae
is to develop species-specific models to predict their occurrence, maintenance and dissipation,
and to estimate the time and magnitude of accumulation and elimination of their toxins in affected
shellfish resources. To apply biophysical models to a microalgal population, detailed information
on the behaviour (diel vertical migration, feeding) and physiology (growth, life cycle transitions)
of the selected species is required (Kamykowski et al. 1998). Additional information on the
toxin profile and toxin content per cell (cell toxin quota, Qt) is needed to model the uptake and
detoxification kinetics of their toxins by different shellfish species (Blanco et al. 1995). Studies
on vertical migration of Dinophysis spp. are scarce and most of them are not accompanied by
physical records of water movements (Maestrini 1998); there is evidence of vertical migration
of D. acuminata in the Galician Rias (Villarino et al. 1995), but the same species in the same
location may exhibit no vertical displacement at all under different environmental conditions
and/or phases of population growth (L. Velo-Suárez unpubl. data). In contrast, D. norvegica
Claparède and Lachmann in the Baltic (Carpenter et al. 1995) and D. fortii Pavillard in Japan
(Iwasaki 1986) have been reported to perform no diel vertical migration. Therefore, site and
species-specific studies under different scenarios are required to gain knowledge of the adaptive
strategies of each species throughout its growing season.
Difficulties in establishing cultures of phototrophic species of Dinophysis led to suspicions
that they are mixotrophic. Remains of ciliates were found in the digestive vacuoles of D.
acuminata, D. norvegica (Jacobson & Andersen 1994) and D. fortii (Koike et al. 2000).
Setälä et al. (2005) showed that D. acuminata populations located in deep (> 70 m) waters in
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the Baltic Sea exhibited poor photosynthetic activity compared with populations from subsurface
water layers. In the same region, Gisselson et al. (2002) found that D. norvegica cells aggregating
in the thermocline at the 15 to 20 m depth had a division rate (up to 0.4 d–1) that could not be
supported with the observed 14C uptake rates. This observation and the presence of digestive
vacuoles in 2 to 22% of the population led the authors to suggest that the thermocline may
provide D. norvegica cells with their suitable prey. Recently, Park et al. (2006) discovered
that the ciliate Mesodinium rubrum Lohmann (Myrionecta rubra Jankowski), grown with
additions of cryptophytes of the genus Teleaulax, constituted an excellent prey for D. acuminata,
leading to high division rates (up to 0.95 d–1) under continuous illumination in laboratory cultures.
A key issue that awaits resolution is whether the phycoerythrin-containing chloroplasts in
phototrophic Dinophysis spp. are constitutive or whether they are kleptoplastids retained from
their prey (Park et al. 2006). Nevertheless, a common feature described after mixotrophic
behaviour of these species is the occurrence of digestive vacuoles. Most intriguing  is the detection
of starch granules, easily observed in lugol-fixed samples (Jacobson & Andersen 1994), which
are conspicuous during late stages of Dinophysis populations (González-Gil et al. 2006). The
physiological purpose of these granules within Dinophysis spp. is still unknown.
Studies on the toxin profile and toxin content of Dinophysis acuta by high performance
liquid chromatography (HPLC) in plankton concentrates rich in this species and in single cell
isolates showed that D. acuta strains and/or shellfish exposed to their blooms in Europe contained
OA and DTXs. Dinophysistoxin-1 (DTX1) was found in Scandinavian strains and
Dinophysistoxin-2 (DTX2) in those from Ireland, Spain and Portugal (Reguera & Pizarro 2008).
Recent studies with liquid chromatography-mass spectrometry (LC-MS) have shown a
widespread presence of pectenotoxins (PTXs) in all D. acuta populations tested (Vale &
Sampayo 2002, Fernández-Puente et al. 2004, Miles et al. 2004a, MacKenzie et al. 2005,
Fernández et al. 2006), and allowed the identification of new OA-related toxins (okadaates),
such as the C8 diol-ester of OA (OA-D8) in D. acuta from New Zealand (Suzuki et al. 2004).
Deploying ‘solid phase adsorbing toxins tracking’ (SPATT) resins in the field, MacKenzie et al.
(2004) showed that during algal blooms of Dinophysis spp., significant amounts of toxin—
including low polarity lipophilic compounds such as the pectenotoxins and the okadaates—
were released into the seawater. It is difficult to estimate toxin-release rates in the open sea
because the toxins adsorbed by the resins cannot be related either to Dinophysis concentrations
or to water volume. Nevertheless, spatio-temporal variability in the amount of adsorbed toxins
in SPATT units provides seasonal and species-specific patterns on toxin release in the water
column, provided saturation of the resins is avoided.
Estimates of cell toxin quota in field populations of Dinophysis, without the quantification
of released toxins, are based on the accumulation of toxin per cell, i.e. the balance between
toxin production (or uptake) and release. The dilution effect of cellular division (Flynn & Flynn
1995) should be considered, as well as the intracellular metabolism of the toxins to avoid
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autotoxicity (Hu et al. 1995b), parasitism (Bai et al. 2007), and enzymatic transformations
during extraction (Quilliam et al. 1996). A major question arising from the work of Park et al.
(2006) is whether toxins are produced de novo by Dinophysis or just taken up from their prey.
No doubt the availability of prey will influence growth and, hence, the balance between growth
and toxin accumulation. Unfortunately, there is no information on toxin content either in
Mesodinium rubrum or in its cryptophyte prey, but red tides of this species, widespread in
estuaries, fjords and upwelling areas, have never been associated with toxic outbreaks, and
Mesodinium is used as feed in aquaculture (Yih et al. 2004).
During November 2005 we studied a dense bloom of Dinophysis acuta, accompanied
by another Paralytic Shellfish Poisoning (PSP) toxin producer, Gymnodinium catenatum
Graham, and other large dinoflagellates, in the Galician Rías Baixas (NW Spain). The bloom
provided unique conditions for in situ observations on D. acuta behaviour, toxin profile and cell
toxin quota, and allowed us to make other biological observations of a plankton population
where this species was the overwhelmingly dominant species of Dinophysis. The main objective
of this study was to describe the diel variability in toxin profile and cell toxin quota of D. acuta
along with behavioural and cellular characteristics of a population that was in stationary/early
decline phase but associated with annual maxima of toxin content in shellfish. This is the first
time that the diel toxinological variability of a Dinophysis sp. (determined by LC-MS analyses)
and other physiological characteristics have been studied in situ.
MATERIAL AND METHODS
Meteorology and hydrography
Meteorological data before the experiment were obtained from the Galician Meteorological
Service (Meteogalicia). A conductivity-temperature-depth (CTD) Sea Bird Electronics Model
25 was used to obtain vertical profiles of temperature, salinity and fluorescence. From 9 to 10
November 2005, intensive sampling of the vertical distribution of physical parameters and cellular
concentration of dinoflagellates was carried out aboard RV ‘J.M. Navaz’ at a fixed station
(Bueu, P2, 42° 21.40’ N, 8° 46.42’ W) in Ría de Pontevedra (Fig.1). Sampling was conducted
from 17:00 h GMT on 9 November to 15:00 h on 10 November at 2 h intervals, except from
07:00 h to 11:00 h on 10 November, when sampling was carried out every hour. Passive
samplers to adsorb lipophilic toxins were deployed from 8 to 14 November.
Field Sampling
Water samples to describe the vertical distribution of Dinophysis acuta and other
dinoflagellates were collected from specific depths, chosen after real time readings of the CTD
casts, with Niskin oceanographic bottles. Vertical hauls (one every 2 h) with a 20 µm mesh net
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were collected and passed through a 100 µm mesh to eliminate large microzooplanktonic
organisms. Three sub-samples were collected from each vertical haul for several purposes: 1)
15 ml fixed with Lugol´s iodine acid solution for cells counts; 2) 50 ml fixed with formaldehyde
to estimate in situ division rates according to
Reguera et al. (2003); and 3) the plankton
slurry obtained after concentration of the
remaining material from the haul through a 20
µm mesh collector, drained with the help of
cellulose paper under the collector, was
backwashed with a squirting bottle with
methanol and immediately stored in a deep-
freeze on board. Initial and final volumes of the
concentrate were logged for further estimates
of toxin content per cell. Back in the laboratory,
the methanol-fixed samples were kept at –20°C
until time of analysis.
Lipophilic toxins dissolved in seawater
were tracked with Diaion HP20 adsorbing
resins as described by MacKenzie et al.
(2004). Resin holders were made by mounting
77 µm plankton mesh on a cylindrical PVC
frame (9.5 cm long, 2.5 cm diameter). They
were filled with approximately 3 g (dry weight)
of resin that had been washed with methanol and resuspended in 25 ml of milliQ water for
activation. They were then placed at 3, 7 and 12 m depth (2 resin-holders per depth) on a rope
hung by a mussel raft in the study area from 8 to 14 November 2005.
After recovery of the resin holders from the seawater and extraction of the toxins, the resin
was dried at room temperature and weighed to estimate possible losses of resin either during
the dispensing process into the resin holders or while it was deployed in the field. To avoid
problems of saturation, the amount of resin placed in the resin holders was empirically determined
after calibrations in the laboratory with dissolved lipophilic toxins (OA, DTX1 and YTX) in the
filtrate from Protoceratium reticulatum (Claparède et Lachmann) Bütschli cultures enriched
with extracts of Prorocentrum lima (Ehrenberg) Stein.
Phytoplankton counts
Phytoplankton from bottle samples was quantified by the Utermöhl method under a Nikon
Eclipse TE2000-S inverted microscope after sedimentation from 25 ml columns. The whole
bottom of the sedimentation chamber was scanned at a magnification of 100× to count large
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Figure 1. Galician Rías Baixas (NW Spain) and
location of the sampling point (P2) in Ría de
Pontevedra
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(>20 µm) cells (including Dinophysis spp.) and 1 or 2 transects along diameters at a magnification
of 400× to count small (<20 µm) cells. Vertical distributions of physical parameters and cell
densities were plotted with the Origin and Surfer contour programmes. For quantification of
cells in the net hauls (toxin samples), 3 ml of lugol-fixed subsamples were placed in sedimentation
chambers for 1 h. Depending on cellular abundance, either one half of the bottom or the whole
bottom of the chamber was scanned. Differential  interference contrast (DIC) and epifluorescence
(blue light filter) digitized micrographs of plankton concentrates were taken with a Nikon D70
camera coupled to the microscope.
A standardized Morisita index of dispersion (Ip) (Krebs 1989) was used to estimate the
aggregation of Dinophysis acuta cells. This index, with values that range from –1 to 1, with
95% confidence intervals at +0.5 and –0.5, is independent of population density and sample
size (Ip > 0, aggregated pattern; Ip = 0, random pattern; Ip < 0 homogeneous distribution). Cell
maxima observed between 0 and 1m depth were not included in multiple regression analyses to
relate aggregation with density gradients because CTD measurements in the top metre are not
very accurate.
Cell size, vacuolation and starch granules
Maximum length (L) and width (W) of at least 50 micrographs of lugol-fixed cells of
Dinophysis acuta were measured to estimate mean size at each sampling point. Micrographs
were obtained with the camera-microscope system coupled to an image analyser programme
(Image Pro Plus Media Cybernetics). The cells’ equivalent biovolume was estimated as described
in Olenina et al. (2006). A minimum of 100 formaldehyde-fixed specimens were examined to
estimate percentages of cells with digestive vacuoles that appear after mixotrophic behaviour
(Park et al. 2006). We also examined 100 lugol-fixed specimens to estimate percentage of
cells containing starch granules.
Division rate and intrinsic mortality
In situ division rates were estimated (based on morphological characters) from the
frequency of dividing (paired) and recently divided (incomplete development of the left sulcal
list) cells as described in Reguera et al. (2003), following the model of Carpenter & Chang
(1988):
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where µ is the daily average specific division rate, fc (ti) is the fraction of cells in the cytokinetic
cell phase (paired cells with incomplete development of the left sulcal lists ), and fr (ti) is the half-
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fraction of cells in the recently divided cell phase (missing the lower part of the left sulcal list) in
the ith sample. Tc and Tr are the duration of each of the previously defined cell phases respectively,
n is the number of samples taken in a 24 h sampling cycle, and ts is the sampling interval in
hours. The model of Vaulot (1992), to estimate µmin, was also applied:
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where fmax and fmin are the maximum and minimum summed fractions of cells in the cytokinetic
(paired) phase plus the recently divided cell phase observed at any time during the daily cycle.
A minimum of 1000 cells were observed for each sampling point. Frequencies (percentages)
of dead cells (fd) were estimated as the ratio between empty individuals (no cellular content, Cd)
plus half the number of empty thecae (Th), and the total number of cells (Ct) in the same
formalin-fixed samples, according to the equation:
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where, Cn are full cells, and Ct = Cd + Th + Cn
Phytoplankton toxin extractions
Net samples re-suspended in methanol were sonicated for 1 min and remains in the
sonication probe were rinsed with 500 µl of methanol. Extracts were centrifuged at 4620 x g for
20 min, the supernatant collected, and the pellet re-suspended in 2 ml for a second extraction
repeating the same procedure. An aliquot from each washing step was injected into the LC-MS
to control the efficiency of the extraction. Finally, the 2 supernatants were combined, mixed and
the final volume logged. An aliquot of this solution was filtered through a 0.45 µm nylon filter
(Gelman Nylon Acrodisc 13 mm or Osmonic Cameo 3N 3 mm) prior to injection into the LC-
MS system; the aliquot volume varied (2 to 10  µl) depending on the kind of toxin being analyzed
and the cellular concentration of Dinophysis in the sample.
Extraction of toxins from the resins
Extraction of toxins from the resins was carried out following MacKenzie et al. (2004),
with some modifications. Once the resin holders were recovered, the resins from each resin
holders were poured into a small (50 ml) plastic cylindrical collector with an end covered with
a 20-mm mesh, and washed with ~40 ml milliQ water to eliminate sea salts. After drainage, the
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resin was collected from the mesh and transferred to a 50 ml syringe-like elution cylinder with a
clamped silicon tube (with a cotton filter for retaining the resin) attached to its narrow end; 20 ml
of methanol were then poured on top of the resin and left a minimum of 2 h before elution of the
methanol. The resin was then washed with 10 ml of methanol at a time (flow of 0.5 ml min-1)
until a final volume of 50 ml was obtained. These methanol fractions were kept at –20°C until
analysis. In the case of samples that were not analyzed immediately, the resins, after being
washed with milliQ water, were transferred to a 20 ml glass vial with 15 ml of methanol and
kept at 4°C in the dark until elution time.
The toxin extracts were dried at 40° C under reduced pressure on a Speed Vac (Savant,
Instruments), resuspended in 500 µl of methanol and filtered through 0.45 µm filters (Gelman
Nylon Acrodisc 13 mm or Osmonic Cameo 3N 3 mm) prior to injection of 20 µl sub-samples
into the LC-MS system.
LC-MS analyses
Chromatographic separation was performed on a Waters XTerra C18 column (2.1 × 150
mm) with 5µm-particle packing. The mobile phase consisted of (A) 2 mM ammonium acetate
at pH 5.8 and (B) 100% methanol, with a flow rate of 0.2 ml min–1. A linear gradient elution
from 60 to 100% B was run between 0 and 20 min and held at 100% B for 2 min, then
decreased to 60% B over 3 min and held at 40% for 5 min.
LC-MS analyses were performed on a liquid chromatograph (Thermo Finnigan Surveyor)
coupled to a mass spectrometer (Thermo Finnigan LCQ-Advantage) equipped with ion trap
and micro-electrospray ionization interface (micro ESI). During the analyses, between 30 and
50 µl of the LC eluent were introduced into an Ion-Spray interface through the microcapillary.
The mass spectrometer was operated with a temperature of the heated capillary of  250 °C and
a spray voltage of 3.0 and 4.5 kV, a flow of 20 ml min–1 for the sheath gas and of 10 ml min-1 for
the auxiliary gas.
Full scan data were acquired from specific mass to charge ratio (m/z) 300 to 2000, in
both negative and positive ionization modes. Negative mode was performed to confirm the
toxin spectra. The selected ion monitoring (SIM) was performed on ion m/z 805 [M+H]+, 822
[M+NH4]
+, 827 [M+Na]+ and 803 [M-H]– for OA and DTX2; 876 [M+NH4]
+, 881 [M+Na]+,
857 [M-H]– and 918 [M+CH3COO]
– for PTX2; 894 [M+NH4]
+, 899 [M+Na]+ and 875
[M-H]– for PTX2SA; 836 [M+NH4]
+, 841 [M+Na]+ and 817 [M-H]– for DTX1; and 892
[M+NH4]
+, 897 [M+Na]+ and 874 [M-H]– for PTX1. OA-D8 was detected on ion m/z 946
[M+NH4]
+, 951 [M+Na]+ and 988 [M+CH3COO]
–.
To search for the presence of sulphated forms of dinophysistoxin-4 (DTX4) and
dinophysistoxin-5b (DTX5b), derived from OA-D8, m/z for our adduct ions were calculated
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from Hu et al. (1995a) and Paz et al. (2007). We also sought the presence of OA diol-esters
with C7 and C9 side chain, whose m/z were calculated for our adduct ions from Suzuki et al.
(2004).
OA and pectenotoxin-2 (PTX2) certified reference standards (NRC, Canada) were used
for calibration of the LC-MS and quantification of toxins. Quantified DTX2 (6 µg ml–1), PTX2
seco acid (PTX2SA) (1 µg ml–1), DTX1 (1 µg ml–1) and PTX1 (10 µg  ml–1) reference materials
were provided by colleagues (see ‘Acknowledgements’). Qualitative reference material of
OA-D8 diol-ester (OA-D8) was prepared from cultures of Prorocentrum lima (Paz et al.
2007).
A Waters XBridge column was used to confirm the presence of OA-D8 in the secondary
standard and in the samples. Thus, the peaks corresponding to OA-D8 were identified in the
earlier LC-MS chromatograms run with phytoplankton extracts, from which the toxins were
separated with the XTerra column. OA calibration curves were used to estimate, as OA
equivalents, the diol-esters.
A working solution (~0.6 ng µl–1) of OA, DTX2 and PTX2 was used to generate a 4-
point calibration curve every 15 to 20 samples with variable injection volumes. The linearity of
each point of the calibration curve was tested following Van Trijp & Roos (1991). Another
working solution with PTX2SA, PTX1 and DTX1 (~0.3 ng µl–1) was also used. With the
accepted linearity points, calibration lines were obtained for each toxin depending on concentration
in the samples. The range for OA and DTX2 (ions at m/z 805 plus 822 and 827) was from 1.5
to 6.0 ng (Y = 0.1517x, r2 = 0.9984; Y = 0.1994x, r2 = 0.9862, respectively) and for PTX2
(ions at m/z 876 plus 881) from 1.8 to 7.0 ng (Y= 0.5173x, r2 = 0.9997). In the case of
PTX2SA (ions at m/z 894 plus 899), PTX1 (ions at m/z 892 plus 897) and DTX1, (ions at
m/z 841), ranges from 0.5 to 3.0 ng were detected (Y= 2.8781x, r2 = 0.9807; Y= 2.0982x,
r2 = 0.9896; Y= 2.8681x, r2 = 0.9590, respectively).
Rate of toxin accumulation per cell
The in situ variability of the cell toxin quota through the daily cycle was estimated with the
following equations:
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Where, 
2t
Q = cell toxin quota at hour t2; 1tQ  = cell toxin quota at hour t1; µt = toxin
accumulation rate (h–1).
RESULTS
Hydrography and vertical distribution of Dinophysis acuta
Hydrographic characteristics during the cruise corresponded to the typical autumn
conditions that follow the end of the upwelling season and marked freshwater input. Vertical
profiles revealed a thermal inversion (surface water 0.9°C colder than water at 9 m depth), and
a salinity-driven stratification (32.78 psu at the surface, 34.37 psu at 4 m at low tide) (Fig. 2A);
this feature was partially eroded towards the end of the cruise after the onset of northerly
(upwelling-promoting) winds. High cell concentrations of Dinophysis acuta appeared mainly
within the colder and more brackish water at the 1 to 4 m depth during the whole sampling
period. Vertical distribution of cell maxima reflected those of the density gradients. Fig. 2B
shows a vertical profile of water density and D. acuta numbers at 19:00 h, when the maximum
-28
-24
-20
-16
-12
-8
-4
0
15,4 15,6 15,8 16,0 16,2 16,4
 
cell l-1
D
ep
th
 (m
)
 Temperature
32,5 33,0 33,5 34,0 34,5 35,0 35,5
 Salinity
24,0 24,4 24,8 25,2 25,6
A
 
s
t
psu
ºC
 Density
0 4000 8000 12000 16000 20000
 [D. acuta]
Time (hour)
-20
-16
-12
-8
-4
0
D
ep
th
 (m
)
D. acuta
   0  to  400
   400  to  2000
   2000  to  5000
   5000  to  10000
   10000  to  20000
19:00 21:00 23:00 01:00 03:00 05:00 07:00 09:00 11:0017:00 13:00 15:00
B
Figure 2. Dinophysis acuta. (A) Concentration (cell l–1), as well as vertical distribution of salinity (psu),
temperature (T, °C) and density ( s t , sigma-t) at station P2 (Ría de Pontevedra), at 19:00 GMT on 9 October
1997. (B) Concentration (cell l–1) and vertical distribution of density (s ?  ,sigma-t) at the same station from 9 to
10 November 2005. The maximum concentration recorded (19 370 cells l–1) is marked with a triangle. State of
the tide is indicated on the horizontal bar above
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cell concentration (19 360 cells l–1) was detected. The maximum was located at 2 m, the same
depth where the density gradient (0.77 m–1 between 1 and 3 m) was highest. Diel vertical
migration of D. acuta was not observed during the study period, but discontinuities (peaks) in
cell density distribution were more marked when density gradients were higher (Fig. 2B, 19:00
h), although less dense aggregations appeared associated with weaker density gradients, such
as those observed at 05:00 h and 09:00 h.
Standardized Morisita index values (Ip), all higher than 1, indicated different levels of
Dinophysis acuta aggregation through time. Highest values of Ip were observed during low and
rising tide, although the relationship (second order polynomial fit) between Ip and tidal level was
not statistically significant. However, the cell maximum in each sampling hour (n = 9) was
significantly related (multiple regression analyses, p < 0.05, r2 = 0.76) with both the tidal levels
(p < 0.05, rpartial = -0.76) and density gradients (p < 0.05, rpartial = 0.77).
Net phytoplankton
Dinoflagellates represented more than 93% of the total microplankton assemblage during
the whole study period (Table 1). Dinophysis. acuta, Ceratium furca (Ehrenberg) Claparède
et Lachmann, Ceratium fusus (Ehrenberg) Dujardin, and the paralytic shelfish poison- (PSP)
toxin producer Gymnodinium catenatum represented 81 to 97% of the total phytoplankton;
the remainder was composed of diatoms. D. acuta represented between 97.4 and 100% of
the microalgae known to contain DSP toxins (i.e. the species belonging to the genus Dinophysis)
and was the numerically dominant species in all net hauls except one. The density of D. acuta in
these plankton concentrates ranged from 218 to 1510 cells ml-1.
Cell size and frequency of vacuolated and starch-containing cells
Changes in cellular volume of Dinophysis acuta cells were not statistically significant
(46801 ± 11776 – 53722 ± 10363 µm3; n = 50) (mean ± SD) (Fig.3) (p < 0.05, test of Tukey
& Bonferroni). Cells of D. acuta filled with digestives vacuoles were practically undetectable
(Fig. 3). Only in the samples from 01:00 h and 07:00 h did some of the cells (1%) have vacuoles.
In contrast, the frequency of cells with starch granules was very high in all samples except one.
Frequencies decreased from 93% at 17:00 h to 51% at 09:00 h and remained above 80% from
10:00 h until the end of the sampling.
Some cells of Dinophysis acuta showed no autofluorescence at all but most of them
showed the typical Dinophysis orange autofluorescence associated with their cryptophycean-
like phycoerythin pigmentation (Fig. 4). Within the orange autofluorescent cells, great variability
in auto-fluorescence intensity was observed: some cells had a very bright orange colour whereas
others exhibited more moderate autofluorescence.
G. Pizarro174
Division rate and mortality
Maximum frequencies of dividing cells (pairs attached by the dorsal margin) and recently
divided cells (one half of those with incomplete development of the left sulcal list) were extremely
Table 1. Percentage of phytoplanktonic species in 20 µm vertical net-haul samples, collected for toxin
analyses during the daily cycle on 9 and 10 November 2005.
Sampling hour 
 17 19 21 23 1 3 5 8 9 10 11 12 13 15 
 Frequency (%) 
Total diatoms  1 0 0 1 1 1 1 0 7 2 3 6 7 3 
               
Dinophysis sp.               
D. acuminata 0.1 0.3 0.1 0 0 0 0 0 0.1 0 0.1 0 0 0.3 
D. acuta 50 48 51 38 47 43 51 46 54 53 41 36 33 37 
D. caudata 0.2 0 1 0 1 0 0 0 0 1 0 0 0 0 
D. dens 0.4 1 0 0 1 0 1 0 0 1 1 1 1 1 
D. diegensis 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 
D. odiosa 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0 
D. rotundata 0.2 0 0 0 0 0 0 0 0 1 0 1 1 1 
Total 51 49 52 39 49 43 52 46 54 56 42 38 35 39 
               
Protoperidinium sp.               
P. crassipes 0 0 0 0 1 0 0 1 0 1 1 0 1 1 
P. diabolus 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
P. divergens 1 2 1 2 8 4 4 4 4 3 4 5 6 0 
P. brochii 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
P. steinii 0 0 0 0 1 0 1 1 1 1 1 2 0 1 
Protoperidinium spp. 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
Total 1 2 1 3 9 4 5 6 5 5 6 7 9 3 
               
Other dinoflagellates              
Ceratium furca 3 1 1 4 3 2 5 6 6 6 7 6 11 18 
Ceratium fusus 19 25 34 27 27 33 29 22 12 23 30 38 34 31 
Gymnodinium catenatum 23 20 10 25 9 16 7 18 14 7 11 3 4 3 
Dinoflagellate spp. 2 2 1 1 1 0 1 1 1 2 1 2 2 2 
Total  47 48 46 57 40 51 42 47 33 38 49 49 51 54 
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Figure 3. Dinophysis acuta. Diel variability in percentage of vacuolated cells and cells with starch granules,
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Figure 4. Differential interphase contrast (DIC) (A) and epifluorescence (blue light) (B) micrographs of
concentrated plankton samples (40-100 µm size fraction) collected at station P2 on 8 November 2005.
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low (0.16% and 2.27%, respectively), and both were detected at 10:00 h (Fig. 5A). The
maximum frequency of dividing cells was much lower than the maximum frequency of recently
divided cells. The frequency of dead cells (cells with no cellular content plus one half of empty
thecae) ranged from 0.2 to 14.7%, with the maximum value observed at 15:00 h on 10 November,
towards the end of the cruise. The estimate of µ, according to Eq. (1), was 0.024 d–1; the
estimate of µmin, according to Eq. (2), was 0.030 d
–1. Frequencies of dead cells, which increased
from 2 to 15% between 09:00 h and 15:00 h, were always much higher than total frequency of
division (Fig. 5B). Therefore, from the point of view of intrinsic growth, division rate was almost
zero, losses were higher than gains and hence the net growth was negative.
LC-MS analyses
Calibration curves were obtained for OA, DTX2 and PTX2 toxins, previously reported
as the predominant toxins in phytoplankton samples rich in Dinophysis acuta in the Galician
Rías Baixas (Fernández et al. 2006). Peaks corresponding to OA, DTX2, PTX2 and OA-D8
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+ and [M+Na]+ (right side):
(A) OA and DTX2, (B) PTX2, (C) OA-D8.
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Figure 7. Content of DTX2 versus OA ratio throughout the cell cycle. Correlation coefficient to a 95%
confidence interval, and the ratio are shown
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Figure 8. Selected LC-MS chromatograms of a sample from 21:00 GMT, in positive ionization mode of OA,
DTX2, PTX2 and OA-D8 with their retention times (left side) and respective mass spectra (right side): (A)
OA (mass spectral was identical for DTX2), (B) PTX2, (C) OA-D8
G. Pizarro178
(at 5.99, 6.77, 11.75 and 14.21 min, respectively)
(Fig. 6), presented spectra with [M + H]+, [M +
NH4]
+ and [M + Na]+ ions at m/z 805, 822 and
827 for OA and DTX2; [M + NH4]
+ and [M +
Na]+ ions at m/z 876 and 881 for PTX2 and 946
and 951 for OA-D8. The efficiency of toxin
extraction (OA, DTX2 and PTX2) from the
phytoplankton samples ranged between 95 and
98%.
Toxin profile and cell toxin quota
Analyses of net-haul extracts during this
study, where Dinophysis acuta was the
overwhelmingly dominant Dinophysis spp.
(>96%), presented a dominance of OA (26 to
51%), DTX2 (23 to 34%) and PTX2 (15 to
46%), followed by OA-diol esters (OA-D8) (0.4
to 2.0%). The OA:DTX2 ratio (3:2) (Fig. 7), was
fairly constant the whole day (p < 0.0001, r2 =
0.89), but that was not the case with the ratio
between free forms of OA and PTX2, which ratio
was variable and did not show any significant
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Figure 9. (A) LC-MS chromatograms of
standards in positive ionization mode:
PTX2SA (RT 8.22 min), PTX1 (RT 9.31 min),
DTX1 (RT 10.56 min). Mass spectra are
shown for (B) PTX2SA (m/z at 894 and
899),  (C) PTX1 (m/z at 892 and 897), (D)
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Figure 10. Hourly distribution of: (A)
total toxin (okadaiates + PTX2) per
cell; (B) percentage of OA, DTX2,
PTX2 and OA-D8 in relation to total
toxin content per cell shown in (A);
(C) variability of the OA and OA-D8
cell quota. Horizontal bar on top
indicates light and dark hours
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correlation. DTX1, PTX1 and PTX2SA
were not detected in any of the
phytoplankton samples. OA-D8
(retention time, RT 14.2 min), presented
a spectrum with [M+NH4]
+ and
[M+Na]+ ions at m/z 946 and 951,
respectively (Fig. 8). PTX2SA, PTX1
and DTX1 standards were detected at
8.2, 9.3 and 10.6 min, respectively (Fig.
9). These retention times and mass
spectra were the same as those used to
estimate toxins adsorbed by the resins.
Fig. 10A, B shows the daily
variation in cell toxin quota of okadaates
and PTX2 in Dinophysis acuta.
Maximum cell toxin quota (95 pg of free okadaates and 38 pg of PTX2) was observed during
the night. The maximum cell toxin quota of all toxins, except OA-D8, was detected at 01:00 h.
An increase in cell toxin quota of OA-D8 (to 1.4 pg cell-1) was observed at 03:00 h (Fig. 10C),
but the maximum value, (1.6 pg cell–1) was observed at 17:00 h (at the beginning of the cycle
study). Highest increases in OA-D8 cell quota, such as those observed at 17:00 h and 03:00 h,
coincided with or followed a rise in OA concentrations. Neither DTX4 and DTX5b-like sulphated
esters nor diol-esters of OA with C7 and C9 side chains were detected in the toxin extracts.
Positive values of µt for OA+DTX2 were observed at 21:00 h, 01:00 h, 08:00 h, 10:00 h
and 13:00 h, while a negative rate was observed at 05:00 h (Fig. 11). Highest positive values of
µt for OA-D8 were always observed coinciding with a peak of OA+DTX2 (at 01:00 h and
08:00 h). PTX2
accumulation rates
showed a polymodal
pattern, with increases at
21:00 h, 01:00 h, 07:00 h,
10:00 h, 15:00 h and
decreases at 23:00 h,
05:00 h and 08:00 h. No
relationship was found
between cell toxin quota
and aggregation (Ip).
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Figure 11. Accumulation rate of cell toxin quota (µt h
–1) for
OA+ DTX2, PTX2 and OA-D8 during the daily cycle
Figure 12. Cumulative adsorption of polyether biotoxins on the resin
containers from 8 to14 November 2005 at 3, 7 and 12 m depth in station P2
(Ría de Pontevedra)
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Dissolved toxins
A large amount of dissolved toxins, compared with observations from previous weeks
(authors’ unpubl. data), was collected in the adsorbing resins held in the study area from 8 to 14
November 2005. Maximum adsorption of toxins —6.0 µg OA, 3.4 µg DTX2, 2.5 µg PTX2
and 1.5 PTX2SA per resin-holder— took place at a depth of 3 m (Fig. 12). Neither OA-D8
nor DTX1 were detected in the resins. A peak with similar RT (9.5 min) and equal m/z (897) to
those of the PTX1 standard (Fig. 9) was detected in trace amounts (0.1µg per resin-holder)
only at 3 m depth.
DISCUSSION
Behaviour and physiological characteristics of Dinophysis acuta during the cell cycle
The population of Dinophysis acuta studied in this daily cycle had been recorded in low
concentrations (<100 cell l-1) in the Galician Rías since early August. From then until the end of
October, it showed a decreasing trend in intrinsic division rate (µmin 0.30 to 0.11) inversely
proportional to an increasing trend in net growth rate, which reached a maximum at the end of
October (Escalera et al. 2006a). Thus, the intensive sampling described here coincided with
the annual maximum of D. acuta cell concentration. The lack of cellular division (µ = 0.024; µmin
= 0.03 d–1) together with frequencies of up to 15% of lysed cells suggests that it was an aged
population of D. acuta with a negative net growth rate, i.e. starting its phase of exponential
decline, at an exceptionally late time of the year. Reports from the Galician Monitoring Centre
the following week confirmed a quick decline of D. acuta, to cell levels around 200 cell l–1 in all
the rías. These results also confirm the view that the high cellular concentrations observed were
due to physical accumulation resulting from along-shore and cross-shelf transport of shelf
populations into the rías associated with downwelling-promoting winds (Escalera et al. 2006a).
In previous Dinophysis acuta daily cycle studies conducted in the area in 1994 and 1997
(in mid and late October respectively), in situ division rate (µ) estimates were considerably
higher (µ = 0.65 d–1 and µmin = 0.20 in 1994; µ = 0.33 d
–1 and µmin = 0.17 d
-1 in 1997) (Reguera
et al. 2003). Nevertheless, phased-cell division and a common cell cycle pattern, with maximum
frequency of dividing + recently divided cells 2 h after sunrise, were also observed during this
study. Both in 1994 (T > 16°C, S > 34.5 psu) and 1997 (T > 17°C, S > 35.2), physical
conditions in the top 10 m were quite different from those observed during this bloom (surface
T = 15.4°C, S = 32.5 – 34 psu), that occurred very late in the year, and after the onset of winter
temperature reversal (Fig. 2A).
Dinophysis acuta cells did not exhibit a migratory behaviour during the diel cycle.
Nevertheless, the cell maxima at each vertical profile coincided with the depth of the maximum
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density discontinuity. Vertical heterogeneities (in terms of cellular density) were more marked at
the beginning of the study, at low tide, when density gradients were highest. Cells appeared
more dispersed after low tide. Therefore, the tidal cycle seemed to affect the diurnal variability
in surface cell distribution. Ip values >1 would indicate an aggregated pattern of D. acuta cells
in the surface in addition to the effects of tidal cycle and density gradients.
Despite the practical absence of division and a considerable percentage of dead individuals,
D. acuta cells appeared aggregated near the surface and at the depth of maximum density
discontinuities. Therefore, aggregation of Dinophysis cells can take place even within senescent,
non-dividing populations.
Vacuolation and starch content
Cells of Dinophysis acuta exhibiting strong reddish pigmentation and full of digestive
vacuoles have been reported before in the Galician Rías, but their frequency was not quantified
either through their seasonal growth or through a daily cycle. Controversy exists on whether the
phycoerythrin-containing plastids of Dinophysis are constitutive or are kleptoplastids acquired
from their prey, but ingestion of prey in cultures of D. acuminata is followed by observation of
vacuolation (Park et al. 2006). It is not known if phycoerythryn-containing ciliates are the only
possible prey for Dinophysis spp., but single cells isolated of D. acuminata full of digestive
vacuoles can undergo several divisions in laboratory incubations without addition of live prey
(Reguera et al. unpubl. data). Therefore, the practical absence of digestive vacuoles during this
daily cycle (Fig. 3) indicates that D. acuta, which presented the highest cell toxin quota of the
season, had not been feeding recently on ciliate prey.
Changes in the frequency of starch-containing cells observed in this study during a diel
cycle (with minimum values at the end of the night) suggest that starch production is linked to
photosynthesis. Nevertheless, results presented here are not in full agreement with those of Seo
& Fritz (2002), who found a total lack of starch granules in cultures of the marine dinoflagellates
Lingulodinium polyedrum (Stein) Dodge and Pyrocystis lunula (Schütt) Schütt during night
time, but a continuous presence in 2 freshwater species. In any case, a high proportion of
Dinophysis acuta cells in this study exhibited orange autofluorescence and contained starch
granules, suggesting a potential for photosynthesis and production of starch (Figs.3, 4). The
physiological role of starch granules in Dinophysis spp. is not known. It is possible cells containing
starch granule reserves, but no signs of division, were in some kind of quiescent mode prior to
overwintering conditions. Unfortunately, cell staining with fluorescein diacetate (FDA, Selvin et
al. 1988), which is now routinely used in our laboratory to estimate frequencies of viable cells
of Dinophysis spp. under the epifluorescent microscope (González-Gil et al. 2006), was not
used during this sampling. Future results will determine if percentages of non-viable cells obtained
from FDA-stained cells parallel those of cells with no autofluorescence.
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Toxin profile of Dinophysis acuta during the daily cycle
OA, DTX2 and PTX2 have been reported as the main toxin components in different
populations of Dinophysis acuta from Galicia (Fernández et al. 2001, Fernández et al. 2006),
and this species was associated with the occurrence of DTX2 and PTXs in Galician and
Portuguese shellfish (Vale 2004). Results shown here constitute the first report, based on LC-
MS analyses, of the occurrence of OA-diol esters in D. acuta from Europe, although the
presence of these compounds had been previously suspected in Galician populations of D.
acuminata (Moroño et al. 2003) and D. acuta (Fernández et al. 2006). However, estimates
of OA-D8 in this study are semiquantitative and have to be taken with caution because an
inappropriate standard was used for quantification.
The constant OA:DTX2 ratio (3:2) observed during this study agrees with previous
observations by Fernández et al. (2001) and Vale (2004) in single cells isolates and in net hauls
rich in D. acuta in Galicia and Portugal. In contrast, the proportion of PTX2 in relation with free
okadaates was variable, and in 2 samples during the cycle, PTX2 was the dominant toxin.
Therefore, the toxin profile of a population of a given species in a locality will be influenced by
the time of sampling within the daily cycle. These findings suggest that the metabolism and
release of these 2 groups of toxins, okadaates and pectenotoxins, which have different chemical
structures and biological effects, exhibit different biological rhythms, use a different biosynthetic
pathway and/or, respond to environmental conditions in a different way.
Changes of cell toxin quota of Dinophysis acuta during the daily cycle
Ranges of OA, DTX2 and PTX2 content per cell (11 to 58, 8 to 37, and 10 to 38 pg
cell-1, respectively) estimated from phytoplankton rich in Dinophysis acuta during this study
were within ranges reported from New Zealand (Suzuki et al. 2004, MacKenzie et al. 2005),
and Portugal (Vale 2004) for the same species. However, levels of OA and DTX2 were much
higher than previous reports from Galicia (Fernández et al. 2001, Fernández et al. 2006). The
maximum concentration of OA was similar to that of DTX2 and about half of the values reported
for D. acuta in Ireland (58 to 85 and 77 to 80 pg cell–1,  respectively) (Fernández-Puente et al.
2004). Maximum PTX2 levels found in this study were 35 to 46% of those found in D. acuta
from New Zealand (MacKenzie et al. 2005).
Throughout the daily cycle, a 5-fold variation was observed in the cell toxin quota of OA
and DTX2, a 4-fold variation in that of PTX2, and a 2-fold variation in OA-D8. If the total cell
toxin quota is considered, the range of variability (34 to 134 pg cell–1) shows a 4-fold difference
between maximum and minimum values.
Cell disruption or even toxin release due to stress may lead to toxin leakage from the
plankton slurries collected on meshes during the filtration processes (Johansen & Rundberget
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2006). Plankton collection and filtration for toxin analyses during this study were carried out as
rapidly as possible, and in the same manner for each sampling point, but some losses for the
reasons mentioned before cannot be ruled out. Leaching of toxins during manipulation cannot
be avoided unless alternative methods are developed that allow quick fixation, using some
fixative that seals the cell walls, before sorting the target species by microcapillarity.
Considerations on diol-ester production by Dinophysis acuta
OA diol-esters have been identified in Dinophysis acuta from New Zealand (Suzuki et
al. 2004) but their sulphated forms have not been reported within Dinophysis spp. In cultures
of the epibenthic dinoflagellate Prorocentrum maculosum Faust, DTX5a and DTX5b-like
sulphated esters are derived from enol-esters with C7 and C8 side chains, respectively (Hu et
al. 1995b), whereas in cultures of P. belizeanum Faust (which produces an ester with a C10
side chain) the sulphated form produced was DTX5c (Cruz et al. 2006). DTX4, another
sulphated form derived from OA-D8, was found in cultures of P. lima (Cruz et al. 2006).
Therefore, the sulphated esters likely to be found in D. acuta cells with the toxin profile shown
here are DTX4 and DTX5b. However, these forms were not detected in the methanol extracts
during this study.
OA diol-esters can be formed from partial hydrolysis of sulphated esters by an esterase of
planktonic origin; this enzymatic transformation can be accelerated by the extraction protocols
(Hu et al. 1995a). Boiling to inhibit enzymatic transformations in the samples (Quilliam et al.
1996) was not carried out during this work and there is a possibility that the OA-D8 detected
in Dinophysis acuta originated from DTX5b or DTX4 OA-sulphated derivatives. However, if
sulphated forms of OA in the samples had suffered enzymatic hydrolisis during collection, at
least trace amounts of these toxins should be present and easy to detect in the chromatograms
(Quilliam et al. 1996). Further, DTX5c was detected, purified and characterized from unboiled
Prorocentrum belizeanum cultures (Cruz et al. 2006). Our samples were handled with extreme
care and the plankton concentrates resuspended in methanol on board immediately after
collection. This procedure would minimize the conversion of DTX5b and DTX4 into diol-
esters. Moreover in this study, increases in OA-D8 cell quota were always observed to coincide
with or follow a rise in OA cell quota (Fig. 9C). These results suggest that in the natural populations
of D. acuta analyzed during this study, sulphated forms of OA did not occur as a final metabolite.
The occurrence of sulphated forms of OA is not a common feature in cultures of epibenthic
Prorocentrum spp. Absence of sulphated forms was confirmed in cultures of P. lima (strain
PL2V) (Paz et al. 2007). In contrast, large amounts of DTX5c-like sulphated toxins were
found in cultures of P. belizeanum (strain PBMA01) grown under the same experimental
conditions and with the application of identical toxin-extraction procedures (Cruz et al. 2006).
These results led the latter authors to the hypothesis that diol-esters are intermediate forms,
derived from OA, which may give way to sulphated compounds as final products following an
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elongation of the side chain of OA. Methylation of OA diol-ester to OA methyl-ester by enzymatic
hydrolysis, which can be detected as [M + H]+ ions at m/z 819.5, has been reported by Quilliam
et al. (1996) in MeOH:H2O (4:6) extracts from P. lima cultures. These authors found that
enzymatic conversion was reduced by lowering the proportion of water in the extraction solution.
However, adducts corresponding to these methylated forms were not detected in our samples,
where most of the water was eliminated from the slurry resuspended in methanol.
Toxin release from Dinophysis acuta cells
Rapid changes in Qt observed during the daily cycle (Fig. 11) suggest that some toxins are
either released to the seawater, or readily transformed to unknown intracellular diol-ester-like
compounds, different from OA-D8. Therefore, the decline of OA + DTX2 toxin-µ in relation to
OA-D8 toxin-µ shown in Fig. 11 suggests a previous transformation of OA to OA-D8, whereas
a decline in diol-ester toxin-µ could indicate a transformation to another unknown diol-ester, or
a release in the form of OA-D8.
Sulphated esters were proposed to be the natural storage product in P. lima cultures to
avoid auto-toxicity; these compounds are also more easily excreted from the cell (Hu et al.
1995a). Large amounts of dissolved lipophilic toxins were collected in situ by the adsorbing
resins during the week when the present experiment was carried out (Fig. 12). Nevertheless,
with the available data, it is not possible to determine the chemical forms of the released toxins,
or to ascertain whether the toxins were actively released from Dinophysis, from other marine
organisms or resulted from cell lysis.
PTX2SA results from metabolic transformation of PTX2 within bivalve tissues (Suzuki et
al. 2001) as a kind of detoxification mechanism (Miles et al. 2004b). However, PTX2SA may
also be formed from PTX2—released from live or lysed cells of Dinphysis acuta— transformed
by enzymes secreted by planktonic organisms. Thus, PTX2SA adsorbed by the resins may
have either been directly released by mussels from the rafts nearby, or resulted from enzymatic
transformations of toxins released from either dead cells of D. acuta or other live planktonic
organisms. To date, PTX1 has only been reported as a metabolic transformation of PTX2
within Japanese scallops (Suzuki et al. 1998). Production of PTX1 by mussels, the
overwhelmingly dominant bivalve in the Galician Rías, has not been described; therefore, with
the available data it is not possible to dilucidate the origin of the PTX1 adsorbed in our resin
holders.
The total amount of okadaates adsorbed at the 3 sampling depths were up to 1 order of
magnitude higher than those found in SPATT holders exposed for the same number of days to
Dinophysis blooms in New Zealand (0.23 µg of OA+DTX1) at 9 m (MacKenzie et al. 2004),
but amounts of PTX2 (2.5 µg) were quite similar. In the present study, maximum values of
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adsorbed toxins at 3 m reflect well the depth range where D. acuta cell maxima were detected
during this experiment.
Dynamic aspects of daily variation in cell toxin quota of Dinophysis acuta
Changes in cell toxin quota during this fieldwork did not appear to be associated with
variability in cell size and/or dilution by cell division. Therefore, these changes should be explained
in connection with possible circadian rhythms in toxin metabolism. The maximum cell toxin
quota occurred at 01:00 h, 8 h after sunset. If cellular division was practically zero, most cells
must have been either in phase G1 of their cell cycle, or in a sort of quiescent G0 phase
corresponding to over-wintering cells. These results disagree with those reported in the literature
for epibenthic lipophilic toxin-producers of the genus Prorocentrum, where toxin production
was restricted to the day (Pan et al. 1999). Further, the sequence of changes in cell toxin quota
for different toxins in D. acuta does not coincide with previous observations on P. lima cultures,
where the increase of OA, DTX1 and OA-D8 usually occurred in daylight, during the S and G2
phases, 3 to 6 h after the increase of DTX4 during the G1 cell phase (Pan et al. 1999). Results
of the present study suggest that toxin production in Dinophysis acuta cannot be strictly coupled
to daylight, and that synthesis of OA-derivatives could not be initiated from an ester.
In Norwegian coastal waters, substantial amounts of OA and PTX2 in the heterotrophic
dinoflagellate Protoperidinium divergens (Ehrenberg) Balech, and smaller amounts of PTX2
in P. crassipes (Kofoid) Balech and P. depressum (Bailey) Balech—presumably originating
from their prey organisms—were found in single cell isolates of these species (Miles et al.
2004b). These Protoperidinium spp. were present in our plankton concentrates (see Table 1),
and may have led to an overestimation in the toxin content per cell of Dinophysis. This possibility
is most likely during the peak hour for total cell toxin content (01:00 h, Fig. 10A), when the
percentage of Protoperidinium spp. (10%) was maximum. However, changes observed in
total cell toxin quota did not correlate well with those in the abundance of Protoperidinium
spp.
An important observation to highlight here is that the cell toxin quota of Dinophysis acuta
found during this field work was the highest observed since the initiation of the bloom. It coincided
with the stationary early exponential decline phase of the population growth (Escalera et al.
2006a), with cessation of cellular division and a considerable proportion of dead cells.
Increased cell toxin quota in dinoflagellate cultures can be interpreted as an imbalance
between division rate (that dilutes toxin content per cell) and toxin production rate (Anderson et
al. 1990, Flynn & Flynn 1995). In cultures of Alexandrium fundyense Balech, growth inhibition
induced by turbulence led to an increase in cell toxin quota. Nevertheless, the tolerance threshold
to turbulence levels has to be considered on a species-specific basis (Berdalet & Estrada 2005).
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Field studies with Dinophysis acuta and D. acuminata in 2 Swedish fjords showed that
toxin content per cell was inversely proportional to population density (Lindahl et al. 2007). In
that study, information on division rates was not provided, but the high-density populations
were located in the pycnocline in a fjord with restricted circulation. It could well be that the high
numbers in Lindahl et al. (2007) resulted from active in situ division, in contrast with the mature
D. acuta population described here, which increased from physical accumulation and exhibited
no cellular division at the end of its growing season after onset of winter conditions.
In summary, this study illustrates variability in behaviour, no migration, and aggregation in
the top 5 m, and describes cellular characteristics, toxin profile and cell toxin quota in a senescent
population of Dinophysis acuta. This population reached maximum cellular densities and cell
toxin quota at the end of its growing season, coinciding with cessation of division, a high percentage
of dead cells and cells with starch granules, and no evidence of recent feeding on live prey.
These results, quite distinct from those obtained from the same population at the initiation of the
bloom—when low cellular density, high division rate, low cell toxin quota and aggregation in the
thermocline region were the norm— show the importance of parameterization of physiological
and behavioural processes during different phases of the population growth and hydrodynamic
conditions.
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ABSTRACT
The objective of this field work was to describe and compare the seasonal variability of
toxin profile and content, estimated by LC-MS analyses, in picked cell of Dinophysis acuta, in
plankton concentrates rich in this species, and in lipophilic toxins released in the seawater and
collected by adsorbent resins during a weekly sampling in a Galician Ría (NW Spain) from
October 2005 to January 2006. Picked cells of D. acuta, which exhibited a fairly stable
OA:DTX2 ratio, but variable okadaiates: PTX2 ratio, showed a nine-fold variation in cell toxin
quota, which was partly related to cellular volume, with maximum values (19 pg cell-1) observed
during the exponential decline stage of the population. Large differences were observed between
the toxin profile and content of picked cells and of plankton concentrates (up to 73 pg cell-1 the
latter), that were most conspicuous following upwelling pulses when the bloom of D. acuta was
over. The profile of lipophilic toxins released in seawater and adsorbed by the SPATT resins
was close to that of picked cells of D. acuta. Their continued detection several weeks after the
disappearance of Dinophysis spp. indicates that these toxins may take a long time to be degraded.
It is concluded that although analyses of picked-cells are essential to determine the contribution
of each species of Dinophysis to a toxic outbreak, the total toxin available in particulate form
(Dinophysis spp. accompanying species, other particle-bound toxins), influenced by the
hydrodynamic regime, is the most important parameter to consider in toxin-dynamics and in
models of uptake and detoxification kinetics of bivalves exposed to lipophilic toxins.
KEY WORDS: Dinophysis spp., cell toxin quota, DSP toxins, okadaiates, pectenotoxins,
solid phase adsorbing toxin tracking (SPATT), upwelling events.
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INTRODUCTION
Proliferations of the dinoflagellate Dinophysis Ehrenberg, associated with the occurrence
of lipophilic shellfish toxins (okadaiates, pectenotoxins) in shellfish above regulatory levels,
constitute a worldwide problem for public health and quality assurance of shellfish products,
and the main cause of shellfish-harvesting closures on the Atlantic coasts of Europe. Dinophysis
acuminata Claparède et Lachmann and Dinophysis acuta Ehrenberg are the main causative
agents of Diarrhetic Shellfish Poisoning (DSP) events in western Iberia, western Ireland, Norway
and Sweden (Reguera & Pizarro 2008).
D. acuta is a common member of the late summer-autumn (August-November)
phytoplankton assemblage in northwest Iberian coastal waters (Reguera et al. 1995, Palma et
al. 1998). In the Galician Rías Baixas (NW Spain), site of the world’s second largest production
(over 27 x 104 t y-1) of raft-mussels (Mytilus galloprovincialis) (Franco 2006), intense blooms
of D. acuta, following those of D. acuminata, may lead to lengthy harvesting closures that last
through the winter (Escalera et al. 2006).
Information on the toxin profile and cellular toxin content (Qt, cell-toxin quota) of toxic
microalgae is essential to parameterize models on uptake and detoxification kinetics by different
shellfish species (Blanco et al. 1995). Different DSP toxins –okadaic acid (OA), dinophysistoxin-
2 (DTX2)– exhibit important differences in their detoxification kinetics. Thus, in the Galician
Rías, elimination of DTX2 in mussels exposed to D. acuta blooms, takes longer than that of
OA, the main toxin associated with D. acuminata blooms (Blanco et al. 2005).
Studies on the toxin profile and toxin content of D. acuta by high performance liquid
chromatography (HPLC) in both plankton concentrates rich in this species and in single cell
isolates showed that D. acuta from Ireland, Spain, and Portugal contained OA and DTX2
(James et al. 1999, Vale & Sampayo 2000, Fernández et al. 2001). More recent studies by
liquid chromatography coupled to mass spectrometry (LC-MS) have shown a widespread
presence of pectenotoxins (PTXs) in all D. acuta populations tested from New Zealand and
Europe (Reguera & Pizarro 2008), and also the identification of OA-diol-esters in strains from
New Zealand (Suzuki et al. 2004) and Spain (Pizarro et al. 2008). Deployment of «solid
phase adsorbing toxin tracking» (SPATT) resins in the field (MacKenzie et al. 2004) showed
that during blooms of Dinophysis spp., significant amounts of toxin are released in the seawater.
This technique may be used as an early warning tool. Further, variability in the amount of adsorbed
toxins in SPATT units may provide seasonal and species-specific patterns on toxin released in
the water column. The expression «released toxins» is used here for the toxins adsorbed by the
resins, because it is not known if they are dissolved in the seawater or linked to dissolved or
particulate organic matter.
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Information on toxin content in D. acuta populations by LC-MS is scanty, and corresponds
to either a few samples collected at times of cell maxima (Fernández-Puente et al. 2004,
MacKenzie et al. 2005, Fernández et al. 2006) or to analyses that explored the presence of
okadaiates only (Lindahl et al. 2007). In 2005, an intense bloom of D. acuta affected the entire
coast of Galicia and northern Portugal (Escalera et al. 2006). Low numbers (< 102 cell l-1) of
this species were found in the Galician Rías since early September, when a previous bloom of
D. acuminata was declining. The dominance of D. acuta in the dinoflagellate community and
the high concentrations (> 104 cell l-1) of this species reached in late October-November, along
with extremely low numbers of other Dinophysis spp., provided a unique opportunity to carry
out a follow-up study on lipophilic toxins in plankton concentrates, in picked cells of D. acuta
and in toxins released in the seawater, which were detected with SPATT resins.
The objectives of this work were i) To describe the seasonal variability of toxin content in
D. acuta in relation with the physiological status of the cells and stages of population growth, ii)
To compare toxin content in D. acuta estimated from multi-specific plankton concentrates with
those obtained from picked cells, and iii) To describe patterns of toxin-release and maintenance
in the seawater after the disappearance of Dinophysis cells from the water column. To our
knowledge, this is the first time such detailed study is carried out in field populations of D. acuta
with the application of LC-MS for the precise quantification of okadaiates and pectenotoxins.
MATERIAL AND METHODS
Field sampling
Opportunistic sampling was carried out every Monday, on board R/V Navaz at a fixed
station (P2, 42° 21.40’ N, 8° 46.42’ W) in Ría de Pontevedra (Fig. 1), at the same time as the
routine sampling of the Galician Monitoring Centre (INTECMAR). Only samples collected
between 17 October 2005 and 16 January 2006, when D. acuta concentrations in the size-
fractioned concentrates were above 2 cells ml-1, and single-cell isolation was possible, are
considered here.
Plankton 40-77 µm size-fractioned concentrates were collected with a submersible pump
(138 l min-1) from 3-5 m depth for 5-10 min, through a set of superimposed screens with
meshes of decreasing size, resuspended in 5 l bottles of seawater and transported to the
laboratory. A 50 ml subsample of this was preserved with Lugol’s iodine solution for cell
identification and quantification.
DIAION HP20 adsorbing resins, previously activated following MacKenzie et al. (2004),
were used to track lipophilic toxins released in the water column during different intervals of 7 d
during and after the decay of the D. acuta bloom. Resin-holders made with 77 µm plankton
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mesh, mounted either on a cylindrical PVC
frame (9.5 cm long, 2.5 cm diameter) or on
disks (9 cm diameter), and filled with resin
(equivalent to 3 g dry weight) suspended in
25 ml of MilliQ water, were deployed at 3, 7
and 12 m depth on a rope hung from a mussel
raft. Each time, resins from the previous week
were recovered and new ones placed in the
same spot. To avoid problems of saturation,
the amount of resin to place in each resin-
holder was empirically determined after
calibrations in the laboratory. Filtrates from
cultures of a yessotoxin-producer,
Protoceratium reticulatum (Claparède et
Lachmann) Bütschli (Paz et al. 2004) were
combined with methanol extracts of
Prorocentrum lima (Ehrenberg) Stein strains known to produce OA and DTX1 (Bravo et al.
2001). The mixture was diluted with seawater and filtered through 0.22 µm membrane
MILLIPORE filters (Millipore Ibérica S.A., Madrid, Spain). Resin-holders, dipped into this
solution at 15ºC, were collected after 24, 48, 72, and 96 h of immersion, and the adsorbed
toxins extracted as described in section 2.4.
Upwelling indices were calculated from estimates of the cross-shore (-Qx) daily Ekman
transport according to Lavín et al. (1991). East wind data were taken from a station
representative for NW Iberia located at Cape Finisterre.
Phytoplankton counts and imaging
Three ml of lugol-fixed sub-samples were placed in sedimentation chambers for 1 h, and
all phytoplankton cells on one half or the whole bottom of the chamber (depending on cell
abundance) were identified –at a genus or species level– under a NIKON ECLIPSE TE2000-
S inverted microscope equipped with an epifluorescence system. Micrographs of plankton
concentrates were obtained under the same microscope coupled with a NIKON D70 camera.
Auto-fluorescence of live cells was observed under the epifluorescence microscope both at i)
450-490 nm excitation, 520 nm longpass and ii) 546 nm excitation, 585 nm emission with the
use of a bandpass filter appropriate to observe autofluorescence of phycoerythrin-like pigments.
Ría de Vigo
Ría de Pontevedra
Ría de Arousa
Ría de Muros
P2
42º 42'
42º 24'
8º 45' 8º 21'
Figure 1. Map of the Galician Rías Baixas (NW Spain),
and location of the sampling point (P2) in Bueu, Ría de
Pontevedra.
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Toxin extraction from phytoplankton concentrates and picked cells of D. acuta
Back in the laboratory, 15 ml aliquots of the 40-77 µm fraction of the plankton concentrates
were placed in plastic centrifuge tubes, centrifuged for 20 min at 1000 rpm, and the supernatants
eliminated; 250 µl of Tris-HCl buffer (50 mM, pH 7.4) and 500 µl of methanol were added to
the pellets, the mixture was sonicated for 1 min and remains in the sonication probe rinsed with
250 µl of methanol. These extract-samples were kept frozen until analysis.
To prepare for the LC-MS analysis, the extract-samples were centrifuged at 5000 rpm
for 20 min, the supernatant collected, and the pellet re-suspended in 2 ml of methanol for a
second extraction repeating the same procedure. The two supernatants were combined, mixed
and methanol added to make up a final volume of 4 ml. A 1.5 ml aliquot of this solution was
dried at 40º C under reduced pressure on a Speed Vac (Savant, Instruments Inc. Holbrook,
N.Y.), resuspended in 150 µl of methanol, stirred in a vortex and filtered through 0.45 mm
filters (Gelman Nylon Acrodisc 13 mm, or Osmonic Inc. Cameo 3N 3 mm) prior to injection of
20 µl sub-samples into the LC-MS system.
Cells of D. acuta were individually picked from the 40-77 µm fraction of plankton
concentrates with a microcapillary pipette under the inverted microscope (40X and 60X), and
passed 2-3 times through filtered (0.22 µm) seawater. Between 30-100 cells were transferred
to an eppendorf tube of 1.5 ml filled with 250 µl of Tris-HCl buffer (50 mM, pH 7.4) and 250
µl methanol, sonicated for 1 min, the remains in the sonication probe rinsed with 250 µl of
methanol, and the final pre-extraction sample kept in the deep freeze until analysis.
To prepare for the LC-MS analysis, the extracts were transferred to vials of 1.8 ml, the
remains in the eppendorf tube washed with 500 µl of methanol and the supernatants combined
and mixed. This solution was processed in the same way as those obtained from plankton-
concentrates.
Toxin extraction from the SPATT resins
Extraction of toxins from the resins was carried out following MacKenzie et al. (2004)
with some modifications. After 7 days of exposure, resin-holders were recovered, and the
resins were poured into a small (50 ml) plastic cylindrical collector with an end covered with a
20 mm mesh, and washed with MilliQ water (40 ml) to eliminate sea salts. After drainage, the
resin was collected from the mesh and transferred to a 50 ml syringe-like elution cylinder with a
clamped silicon tube filled with a cotton filter attached to its narrow end; 20 ml of methanol
were poured on top of the resin, left a minimum of 2 h before elution, and then washed with 10
ml of methanol five times (flow of 0.5 ml min-1) until a final volume of 50 ml was reached. These
pre-extraction samples were kept below 4 ºC until analysis.
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To prepare for the LC-MS analysis, 4 ml of the extract-samples were dried at 40º C
under reduced pressure on a Speed Vac, resuspended in 500 µl of methanol and filtered through
0.45 mm filters prior to injection into the LC-MS system. The volume injected varied (5-20 µl)
depending on the toxin concentration in the sample.
LC-MS analyses
For toxin identification, a LC-MS system was used. The chromatographic separation was
performed on a Thermo Finnigan Surveyor with a Waters XTerra C18 column (2.1× 150 mm)
packed with 5 µm particles at 35 ºC. The mobile phase consisted of 2 mM ammonium acetate
at pH 5.8 (A) and methanol (B), with a flow rate of 0.2 ml min-1. A linear gradient elution from
60% to 100% B was run 20 min and held at 100% B for 2 min, then decreased to 60% B over
3 min and held at 60% B 5 min.
The spectral measurements were performed using an ion-trap mass spectrometer (Thermo
Finnigan LCQ-Advantage) equipped with a micro-electrospray ionization interface (µESI). A
split was used during the analyses in such a way that a flow between 30 and 50 µl min-1 of the
LC eluent went into the Ion-Spray interface through a microcapillary. The capillary was heated
at a temperature of 250 ºC and a spray voltage of 3.0 and 4.5 kV for positive and negative
analyses, respectively. A flow of 20 ml min-1 for the sheath gas and of 10 ml min-1 for the
auxiliary gas were used.
Full scan data were acquired from m/z 300 to 2000, in both negative and positive ionization
modes. Negative mode was performed to confirm the toxin spectrum. The MS spectrum shifted
prominent ions at m/z 805 [M+H]+, 822 [M+NH4]
+, 827 [M+Na]+ and 803 [M-H]- for OA
and DTX2; 876 [M+NH4]
+, 881 [M+Na]+, 857 [M-H]- and 918 [M+CH3COO]
- for PTX2;
894 [M+NH4]
+, 899 [M+Na]+ and 875 [M-H]- for PTX2SA; 836 [M+NH4]
+ and 892
[M+NH4]
+, 897 [M+Na]+, 873 [M-H]- and 919 [M+HCOOH-H]- for PTX1 and PTX11;
and 946 [M+NH4]
+, 951 [M+Na]+ and 988 [M+CH3COO]
- for OA-D8 diol-ester (OA-D8).
In the case of picked-cell, 20 µl extracts were injected into the LC-MS. Due to the low
signal detected for the characteristic ions, the total flow (200 µl min-1) of the LC eluent was
introduced into the Ion-Spray interface through a capillary. To obtain a discernible signal, a
single ion monitoring (SIM) analysis and only one ionization mode were used according to the
possibilities of the mass spectrometer, and so positive ionization mode was used to record
signals of the [M+NH4]
+ and [M+Na]+ ions at m/z 822 and 827, respectively, for OA and
DTX2 and at m/z 876 and 881 for PTX2.
OA and PTX2 certified reference standards (NRC, Canada), quantified DTX2 (6 µg
ml-1), PTX2 seco acid (PTX2SA) and PTX1 (10 µg ml-1), and qualitative OA-D8 and PTX11
reference materials were used for calibration of the LC-MS and quantification of toxins.
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Calibration curves
For the analyses of phytoplankton concentrates, working solutions of OA, DTX2 and
PTX2 (0.6 ng µl-1 aprox.) and PTX2SA and PTX1 (0.3 ng µl-1 aprox.), were used to generate
a four-point calibration curve with variable injection volumes. The linearity of each point was
tested following Van Trijp & Roos (1991). Concentration ranges for the calibration lines obtained
for each toxin were the same as in Pizarro et al. (2008). OA and PTX1 calibration curves were
used to estimate, as OA or PTX1 equivalents, the OA-D8 and PTX11- isomer respectively.
For picked cells, a working solution of OA and DTX2 (4 pg µl-1 aprox.) from 8 to 40 pg
was used.
Cell size, digestive vacuoles and starch granules
Maximum length (L) and dorso-ventral depth (D) of the large hypothecal plates in lugol-
fixed cells of D. acuta were measured. At least 45 micrographs from each sampling point were
measured, except in January 2006 (15-22 specimens) when field concentrations were extremely
low. Micrographs were obtained with a camera-microscope system coupled to an image analysis
programme (IPPlus Media Cybernetics, Silver Spring, MD, USA). Their equivalent volume
was estimated as described in Olenina et al. (2006). A minimum of 100 lugol-fixed specimens
of D. acuta (except in January) were examined to estimate percentages of cells containing
starch granules and digestive vacuoles as indicators of photosynthetic activity and mixotrophic
behaviour respectively.
RESULTS
Dinophysis spp. and other species in the plankton concentrates
Table 1 shows the relative abundance of microplankton (> 20 µm) species from the 40-77
µm plankton concentrates during the study period. Dinoflagellates represented over 95% of the
total size-fractioned microplankton assemblage from 17 October to mid-November 2005. In
the two samples from October, heterotrophic Protoperidinium spp., that may contain OA and
PTXs as a result of their feeding on Dinophysis spp. (Miles et al. 2004), represented up to
6%, three co-dominant species -D. acuta, Ceratium fusus and Ceratium furca- made up
over 84% of the total assemblage, and D. acuminata, D. caudata and D. rotundata represented
an important fraction (up to 42%) of the total number of Dinophysis spp. Nevertheless in early
November, D. acuta became the overwhelmingly dominant species (72% of the microplankton
assemblage) and the contribution of other species of Dinophysis became negligible (Table 1).
From mid-November until the end of the study (16 January 2006) diatoms became dominant
(> 84%) except on 12 December, when a bloom of Gonyaulax polygramma occurred. D.
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acuta concentrations sharply declined after mid November and only scattered cells were detected
until mid January. D. caudata, still present after the decline of the D. acuta bloom, represented
13 and 9% of Dinophysis spp. on 5 and 12 December, respectively.
LC-MS analyses
Calibration curves were obtained for OA, DTX2 and PTX2, the toxins previously reported
as predominant in phytoplankton samples rich in D. acuta in the Galician Rías Baixas (Fernández
et al. 2001, 2006, Pizarro et al. 2008). The selected ion chromatograms and mass spectra of
the standards and reference material in positive ion LC-MS analysis are shown in Figure 2.
Peaks corresponding to OA, DTX2, PTX2, PTX2SA, OA-D8, PTX11 and PTX1 (at 7.27,
8.15, 11.88, 8.08, 14.31, 10.54 and 9.34 min, respectively), presented mass spectra with [M
+ H]+, [M + NH4]
+ and [M + Na]+ as predominant ions at m/z 805, 822 and 827 for OA and
DTX2; [M + NH4]
+ and [M + Na]+ ions at m/z 876 and 881 for PTX2; 894 and 899 for
Table 1. Species composition in plankton concentrates collected between 17 October 2005 and 16 January
2006.
Sampling date Oct 05         Nov 05 Dec 05 Jan 06 
 17 24 3 8 21 28 5 12 19 26 2 16 
 Frequency (%) 
Total diatoms  5 0 0 0 84 97 73 22 80 100 100 99 
             
D. acuminata 2 0 0 0 0 0 0 0 0 0 0 0 
D. acuta 7 3 48 72 12 1 6 1 16 0 0 0 
D. caudata 1 2 0 0 1 0 1 0 0 0 0 0 
D. rotundata 0.7 0.1 0 0.1 0 0 0.1 0 0 0 0 0 
             
Total Dinophysis spp. 11 5 48 72 13 1 7 1 16 0 0 0 
P. bipes 0.5 0 0 0 0 0 0 0 0 0 0 0 
P. crassipes 0 0 0.4 0.2 0 0 0.5 0 0.2 0 0 0 
P. diabolus 1 0 0 0 0 0.4 0 0 0 0 0 0 
P. divergens 4 3 3 1 2 0.5 3 1 2 0 0 0 
P. leonis 0.5 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium spp. 0 0 0 0 0 0.1 1 0 2 0 0 0 
Total Protoperidinium spp. 6 3 3 1 2 1 4 1 4 0 0 0 
             
Ceratium furca 70 40 14 2 1 0 0 0 0 0 0 0 
Ceratium fusus 7 47 35 14 2 0 1 0 0 0 0 0 
Ceratium horridum 0 1 0 0 0 0 0 0 0 0 0 0 
Ceratium tripos 0.5 2 0 0 0 0 0 0 0 0 0 0 
Gonyaulax polygramma 0 0 0 0 0 0 1 76 0 0 0 0 
Gymnodinium catenatum 0.3 0 10 0 1 14 0 0.2 0 0 0  
Dinoflagellate spp. 0.5 0 0 0.2 0 0.1 0.3 0 0 0 0 0 
Total Other dinoflagellates 78 90 49 26 3 1 16 76 0 0 0 0 
             
Total Dinoflagellates 95 100 100 100 16 3 27 78 20 0 0 1 
Total cell ml-1 x103 1.5 2.3 2.9 3.5 0.13 1.5 0.5 1.5 0.9 0.9 7.3 5.3 
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PTX2SA; 946 and 951 for OA-D8; 892 and 897 for PTX11. These retention times (RT) and
mass spectra were the same than those used to estimate toxins adsorbed by the resins.
Figure 3 shows typical chromatograms and the corresponding spectra obtained in positive
ion LC-MS analysis for a plankton-concentrate, collected on 8 November 2005. The OA,
DTX2, PTX2 and OA-D8 (RT 7.31, 8.09, 11.85 and 14.28 min, respectively), presented a
spectrum with [M+NH4]
+ and [M+Na]+ ions at the m/z described above. PTX2SA traces
were only detected in some of the plankton samples and PTX11 was not detected at all.
The chromatograms and mass spectra of the standards used to quantify the toxins detected
in picked-cells obtained by SIM-scan positive ion LC-MS analysis, are shown in Fig. 4 for [M
+ NH4]
+ and [M + Na]+ ions at m/z 822 and 827 for OA and DTX2; 876 and 881 for PTX2.
Retention times for the OA, DTX2 and PTX2 standards were 6.47, 7.43 and 11.24 min,
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Figure 2. Selected LC-MS
chromatograms (left) and mass
spectra (right) for [M+NH4]
+ and
[M+Na]+ ions obtained in positive
ionization mode of the standards.
(A) OA (7.27 min) and DTX2
(8.15 min) with identical mass
spectrum, (B) PTX2, (C) PTX2SA,
(D) OA-D8, (E) PTX11 and (F)
PTX1.
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respectively (Fig. 4 A, B). Figs. 4 C, D show an example of typical chromatograms and mass
spectra extracted from the SIM-scan positive ion LC-MS analysis and the respective ions
mentioned above, that correspond to OA, DTX2 and PTX2 in picked- cells of D. acuta
collected on 14 November 2005.
Toxin profile and content in the plankton concentrates
Changes in Dinophysis spp. and Protoperidinium spp. concentrations -the species with
potential to contain okadaiates and PTXs- in the 40-77 mm plankton concentrates are shown
in Figure 5A. D. acuta levels ranged between 2 and 2650 cells ml-1, and those of D. caudata,
D. acuminata and D. rotundata from 1 to 52, 4 to 24 and 1 to 11 cells ml-1, respectively.
Levels of Protoperidinium divergens and other Protoperidinium spp. ranged between 2 and
96 cells ml-1.
Figure 5B shows the seasonal variability of OA, DTX2 and PTX2 levels per cell of
Dinophysis, estimated from the plankton concentrates during different phases of the D. acuta
bloom, and in the scattered populations that remained after its decline. Highest toxin content per
cell for each toxin were 27, 17 and 29 pg cell-1 respectively. The maximum toxin per cell for OA
(27 pg cell-1) was observed on 21 November, i.e. 7 days after the bloom decline. New maxima
-33.7 and 30.9 pg cell-1 okadaiates, 19.7 and 19.9 pg cell-1 PTX2, respectively -were estimated
on 12 and 19 December. An 8-fold difference was found between the maximum (72.6 pg cell-
1) on 21 November and minimum (9.2 pg cell-1) on 16 January, estimates of total toxin per cell.
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Figure 3. Selected LC-MS
chromatograms (left) and
mass spectra (right) for
[M+NH4]
+ and [M+Na]+
ions, obtained in positive
ionization mode, of
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concentrates collected on
8 November 2005. (A) OA
(7.31 min) and DTX2 (8.09
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spectra, (B) PTX2 and (C)
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OA-D8 was clearly detected on 3 and 8 November and represented 18 and 34% of the OA
concentration, respectively.
Toxin profile and cell-toxin quota in picked cells of D. acuta
LC-MS analyses of picked cells of D. acuta revealed than OA, followed by DTX2 and
PTX2 were the main toxins in this species. Due to technological constraints, i.e. the small size of
the sample, the presence of OA-D8 and PTX11, two toxins found in plankton concentrates
very rich in D. acuta, was not explored in picked-cells of this species.
The seasonal variability in cell-toxin content of okadaiates and PTX2 in picked cells of D.
acuta is shown in Figure 5C. The highest values of OA, DTX2 and PTX2 (9.5, 6.6 and 3.1 pg
cell-1, respectively) were observed on 21 November, in agreement with the first maximum
observed in toxin content in plankton concentrates. OA was always the predominant toxin
-except on 3 November and 5 December 2005 - followed by DTX2 and PTX2. A 9-fold
difference was observed between maximum (19.2 pg cell-1) and minimum (2.2 pg cell-1) estimates
of total cell-toxin quota.
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Figure 4. Selected LC-
MS chromatograms
(left) and mass spectra
(right) obtained by SIM
analysis, in positive
ionization mode, for
[M+NH4]
+ and [M+Na]+
ions of standards and
picked cells of D. acuta,
collected on 14
November 2005. (A) OA
(6.47 min) and DTX2
(7.43 min) standards with
identical mass spectrum,
(B) PTX2 standard, (C)
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mass spectrum in picked
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Figure 5. Seasonal distribution of (A) Dinophysis spp. and heterotrophic dinoflagellates and toxin profiles
of (B) Phytoplankton concentrates and (C) Picked cells of D. acuta. (D) Variability of the frequency of D.
acuta cells with digestive vacuoles and starch granules, and its volume (µm3, mean + standard deviation);
volumes that are different (with statistical significance) are marked with an asterisk.
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OA:DTX2 and okadaiates:PTX2 ratios in the phytoplankton concentrates and in
picked cells of D. acuta
The average OA:DTX2 ratio in plankton concentrates was 2:1 (r2 = 0.86, P < 0.0001,
n = 10) (Fig. 6A). The same value, but with a lower correlation coefficient, was observed for
the okadaiates (OA+DTX2) and PTX2 ratio (r2 = 0.41, P < 0.05, n = 10).
The average OA:DTX2 ratio estimated from picked cells of D. acuta was 2:1 (r2 = 0.67,
P = 0.01, n = 9) (Fig. 6B), and the okadaiates:PTX2 ratio 5:1 ( r2 = 0.62, P = 0.05, n = 9). In
the case of the OA:DTX2 ratio, if data from 3 November and 5 December -when the amount
of DTX2 was slightly higher than that of OA- were not included, the ratio, with a higher correlation
coefficient and statistical significance (r2 = 0.90, P < 0.001) would be 3:2.
Cell volume and frequency of digestive vacuoles and starch-containing cells of D.
acuta
Changes in cellular volume of D. acuta (Fig. 5D) were statistically significant (P < 0.05,
test of Tukey and Bonferroni of SigmaPlot v 9.0, n = 50). Maximum values were observed on
17 October (69047 ± 9097 µm3), and minimum (43524 ± 6720 µm3) on 8 November 2005.
Between 21 November (53199 ± 6515 µm3) and 16 January (56899 ± 6608 µm3) values
remained without statistically significant differences.
Cells of D. acuta with digestives vacuoles were practically undetectable (Fig. 5D), except
in samples from 17 (16%) and 24 October (17%). In contrast, the frequency of cells with
starch granules was above 28% in all samples, with minimum frequencies observed on 3
November (33%), 5 December (29%) and 19 December (42%). A sustained increase -from
33 to 100%- in the frequency of starch-containing cells was observed between 3 and 28
November and from then onwards values ranged between 0 and 91% without showing any
increasing or decreasing pattern.
An exponential relationship (r2 = 0.57, P < 0.031, n= 8) was found between the mean
volume of D. acuta cells (Fig. 5D) and the OA+DTX2+PTX2 cell-toxin quota in picked-cells
samples between 24 October and 26 December (Fig. 5C). An exception was the estimate from
17 October that was not included in the analysis because, despite the fact that the mean cell size
observed that day was the largest, the cell-toxin quota was the lowest of the season (2.2 pg
cell-1).
An inverse exponential relationship (r2 = -0.60, P < 0.014, n= 9) was found between
cellular volume (Fig. 5D) and D. acuta concentrations (Fig. 5A). Again, if data from 17 October
were not included, the correlation coefficient of this relationship would be higher (r2 = -0.92).
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No significant relationship was found between the cellular volume and frequency of starch-
containing cells.
Seasonal profile of toxins released in the seawater
Typical chromatograms and spectra obtained from the full-scan in positive ionization mode
LC-MS analysis for the SPATT-adsorbed toxins between 8 and 14 November are shown in
Fig. 7. OA, DTX2, PTX2, PTX2SA, PTX11-isomer and OA-D8 (RT 7.78, 8.68, 11.89
8.15, 9.50, and 14.44 min, respectively) presented spectra with [M+NH4]
+ and [M+Na]+ ions
- also [M+H]+ ions in the case of OA and DTX2- at the m/z as described in section 3.4.
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Figure  8 shows mean changes (maximum standard deviation 0.35) for OA, DTX2, PTX2
and PTX2SA in the SPATT resins, estimated before, during and after the D. acuta bloom.
Small amounts of OA-D8 and a PTX11 isomer were also detected during this study at 3 and 7
m depth. Concentrations of OA-D8 were 3% (at 3 m) and 6% (at 7 m) of that of OA, while
those of the PTX11-isomer were a 10% (at 3 m) of that of the PTX2.
0
20
40
60
80
100
0
20
40
60
0
20
40
60
80
100
4 6 8 10 12 14 16 18 20
0
20
40
60
600 800 1000 1200
0
20
40
60
80
100
 
A
 
m/z 876 plus 881
m/z 805 plus 822 and 827
7.78
8.68
0
20
40
60
80
100
 
805
876
827
822
 
0
20
40
60
80
100
B
 
R
el
at
iv
e 
A
bu
nd
an
ce
11.89
0
20
40
60
80
100
 
946
881
 
0
20
40
60
 
C
m/z 946 plus 951
14.44
0
20
40
60
80
100
 
951
8.35
m/z 894 plus 899
D
894
899
9.50
E
m/z 892 plus 897
Time (minutes) m/z
892
897
Figure 7. Selected LC-MS chromatograms (left) and mass spectra (right) in positive ionization mode, for
[M+NH4]
+ and [M+Na]+ ions, of toxins adsorbed by DIAION resins between 8 and14 November, 2005. (A)
OA (7.78 min) and DTX2 (8.68 min) with identical mass spectra, (B) PTX2, (C) PTX2SA, (D) PTX11 isomer
and (E) OA-D8.
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Maximum concentrations of okadaiates (9, 6 and 3 mg) and PTXs (4, 3 and 2 mg) per
resin-holder at 3, 7 and 12 m depth respectively, were only detected between 8 and 14
November, when the highest concentrations of D. acuta occurred (Table 1).
Toxins released in seawater were detected until at least one month (16-24 January 2006)
after concentrations of Dinophysis dropped to undetectable levels (Fig. 5A). Adsorption of
lipophilic toxins from the seawater by resins placed in circular-framed resin- holders was more
effective than that by resins in cylindrical resin-holders (Fig. 8).
OA:DTX2 ratio in the resins was 2:1 (r2 =0.94, P < 0.0001, n = 23), and that of
okadaiates:PTX2, 4:1 (r2 =0.89, P < 0.0001, n =23). The PTX2: PTX2SA ratio was 2:1
(r2 =0.90, P < 0.0001, n =16).
Upwelling indices
Upwelling indices, calculated from estimates of the cross-shore (-Qx) daily Ekman transport
are shown in Fig. 9. Between 17 October and 7 November, intense negative Ekman transport
(downwelling) led to a progressive accumulation of large dinoflagellates and downward
displacement of diatoms in the rías, and to the maximum concentrations of dinoflagellates in the
surface layer. With the exception of three significant upwelling pulses -12-16 November, 23-29
November and 12-18 December- relaxation and mild downwelling events were predominant.
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Figure 8. Cumulative adsorption of polyether toxins (bars) on the resin-holders placed at different 7-d time
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DISCUSSION
Seasonal cycle of D. acuta and other species associated with the occurence of lipophilic
toxins
The highest concentrations of D. acuta, observed between 24 October and 8 November
2005 (Fig. 5A), coincided with a period of wind reversal (from upwelling-favourable northerly
winds to southerlies), known to generate intense alongshore and cross-shelf transport processes
that lead to chronic fall accumulation of large dinoflagellates –including Dinophysis spp.– in the
rías at the end of the upwelling season (Figueiras et al. 1994, Sordo et al. 2001). During 2005,
very moderate populations of D. acuta (< 100 cell l-1) occurred in the rías since early August,
when D. acuminata was the dominant species of Dinophysis (INTECMAR 2005, Escalera et
al. 2006). For this reason, studies on cell-toxin quota of picked cells of D. acuta were not
considered until its concentration was higher, from 17 October onwards. Monitoring of in situ
intrinsic division rates (µmin) of D. acuta populations in the contiguous Ría de Vigo showed a
decreasing trend, from 0.30 d
-1 in early August, to practically 0 by the end of October (Escalera
et al. 2006). Further, the estimate of µ from a 24 h study (9-10 November) at station P2 in Ría
de Pontevedra, for the same population of D. acuta was 0.02 d-1 (Pizarro et al. 2008). Therefore,
we can assume, in general terms, that the study presented here started when the population of
D. acuta was at the end of its exponential growth phase, and that the high numbers of this
species reported for the whole Rías Baixas region, which declined rapidly after 10 November,
were mainly due to physical forcing (Escalera et al. 2006). Changes of D. acuta numbers in the
plankton concentrates paralleled those reported by the Galician Monitoring Centre (INTECMAR
2005).
D. caudata usually co-occurs, but with moderate numbers (< 5 · 102 cell l-1), with D.
acuta in the Rías Baixas (Reguera 2003). For this reason, the contribution of this species –
which showed only traces of OA in previous studies (Fernández et al. 2001)- to toxic outbreaks
in Galicia was underestimated in the past (Blanco et al. 1995). Nevertheless, analyses by LC-
MS of picked cells of D. caudata revealed high levels (up to 130 pg cell-1) of PTX2 (Fernández
et al. 2006). Thus, values of PTX2 cell toxin quota in this species can be 2 to 40 times larger
than those observed in Galician strains of D. acuta.
From 17 October to 14 November 2005 (this study), D. caudata was present in such
low numbers (1-52 cell ml-1), that only on 24 October was possible to pick cells of this species
for LC-MS analyses. Their low PTX2 content in that sample -3 pg cell-1- suggests that their
contribution to this particular outbreak was not very important, but probably sufficient to influence
the OAs:PTXs ratio in the plankton concentrates until early December.
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Previous analyses of picked cells of D. acuminata, a species that in 2005 was abundant
(>103 cell l-1) from May to August (INTECMAR 2005), have shown that OA (8-22 pg cell-1) is
the major component of its toxin profile (Fernández et al. 2001). Due to its low numbers, the
contribution of D. acuminata during this seasonal study can be considered negligible except in
the two samplings from October, when it probably led to a higher OAs:PTXs ratio in the plankton
concentrate analyses.
Fig. 9. (A) Changes in PTX2:OA in picked cells and plankton concentrates, (B) PTX2 and OA content
(pg cell-1) changes related to the upwelling (Ekman transport, -Qx) regime, and (C) Changes in D. acuta
(cell l-1) concentrations between 17 October 2005 and 16 Jannuary 2006 at station P2 in Ría de Pontevedra.
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D. rotundata, a species reported to contain high levels (up to 101 pg cell-1) of DTX1 in
Japan (Lee et al. 1989), also occurred in very low numbers. There is controversy on whether
this species produces toxins de novo or accumulates them from its prey. Recent LC-MS analyses
of picked cells of D. rotundata from the Rías Baixas, a species which occurs in very moderate
numbers (40-120 cell l-1) (Reguera 2003) have revealed traces or even below detection levels
of OA, DTX2 and PTX2.
Protoperidinium divergens and other heterotrophic dinoflagellates are also important
species to consider in lipophilic toxin dynamics. P. divergens was found to contain high levels of
OA and PTX2 (up to 11 pg and 48 pg cell-1, respectively), presumably obtained after feeding
on Dinophysis spp. (Miles et al. 2004). Therefore, the co-occurrence of P. divergens with D.
acuta in the plankton concentrates may have contributed to overestimates of toxin content per
cell of Dinophysis during the present study.
Starch content, vacuolation and cell volume of D. acuta
It has been well documented that both, heterotrophic and phototrophic species of
Dinophysis feed on ciliates, and that following feeding, they appear expanded and full of digestive
vacuoles (Hansen 1991, Park et al. 2006). The occurrence of starch granules in Dinophysis
spp. was already used in Pizarro et al. (2008) as a sign of photosynthetic activity, and these
granules never appear in heterotrophic species of the genus, such as D. rotundata.
Results here showed that cells with vacuoles were only observed on 17 and 24 October.
Nevertheless, the frequency of starch-containing cells and the orange autofluorescence observed
in live samples suggest that either from constitutive or from stolen plastids (kleptoplastids) from
recent preys, D. acuta cells had plastids available for photosynthesis (Fig. 5D). The lack of
digestive vacuoles but still a potential for photosyntheis and production of starch granules was
also described during a cell cycle study carried out in November with the same population of
D. acuta (Pizarro et al. 2008). Further, from 3 to 28 November there was a continuous increase
in the frequency of starch-containing cells, and the maximum cell toxin quota was reached on 21
November, i.e. after the bloom had collapsed and a residual population of D. acuta survived.
From 21 November onwards, the frequency of starch-containing cells ranged between 0 and
91%, without any trend, and the cell-size had a stable value until hardly any cells of D. acuta
were detected by mid January. An explanation to this lack of trends is that from the end of
November onwards, we were sampling a residual population with a variable mixture of starch-
containing viable cells as well as cells that looked quite empty and were prone to die.
Size increase in Dinophysis spp. has been related to heterotrophic behaviour (Jacobson
& Andersen 1994). This would explain the maximum mean cell volume observed in late October
(Fig. 5D) coinciding with a moderate frequency of vacuolated cells. A larger cell volume can
also correspond to megacytic cells before cellular fission. Nevertheless, the occurrence of
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megacytic cells in this study can be discarded because by the time of our routine samplings
(12.00 GMT), cytokinesis in the phased-cell division of D. acuta is well over (Reguera et al.
2003).
A minimum cell size was observed on 3 and 8 November (Fig. 5D). During a cell cycle
study in the Galician Rías (Reguera et al. 1996), the mean volume of the population of D.
acuminata after cellular division was 12.5% lower than that before division time. Unfortunately,
we do not have estimates of in situ division rates for this period in Ría de Pontevedra. Therefore,
we can not confirm or reject the possibility that the population of D. acuta in Bueu -a well-
known «hot-spot» of Dinophysis spp. and DSP events- was still actively-dividing (in contrast
with those monitored in Ría de Vigo), and that the smaller size and lower cell-toxin quota
observed in these days were due to recent cellular fission, or even the result of increased biomass
from previous small and intermediate cells (Reguera & González-Gil 2001).
The inverse exponential relationship found between cell volume (Fig. 5D) and D. acuta
concentrations is an expected result given that after the peak on 8 November, the population of
D. acuta was on exponential decline. The remaining cells of this population did not divide, but
had starch granules and could increase their biomass and cell toxin quota.
On the Swedish fjords, Lindahl et al. (2007) found an inverse relationship between the
population density of D. acuminata and the toxin content per cell. The main difference between
the Swedish (Koljo Fjord) results and those presented here is that high numbers of Dinophysis
there were aggregated in the pycnocline whereas in the Galician Rías Baixas they were near the
surface following advection processes linked to downwelling. Nevertheless, both scenarios
share in common that minimum values of toxin content per cell coincided with their cellular
maxima, and that toxin content per cell in the scattered populations following the peak was
much higher.
Changes in toxin per cell in picked cells of D. acuta and in plankton concentrates
Differences in total cell toxin quota of about one order of magnitude in picked cells of D.
acuta between 24 October and 21 November appeared related with changes in cell size. But
the likely main cause of the steady increase in cell toxin quota until 21 November, i.e. 2 weeks
after the bloom’s peak, is the unbalance between toxin production rate and division rate, that
was nil in this time of the year. Increases in cell toxin quota due to this unbalance has been
already described for other dinoflagellates in culture (Flynn & Flynn 1995). In the case of field
populations of Dinophysis, another term to consider –reflected in the toxins adsorbed by the
resins between 21 and 28 November– is the release of toxins in the seawater. Concerning the
increase in cell toxin quota observed between 19 and 26 December, we can only speculate that
they were the result of more availability of resources after the upwelling pulse that occurred the
week before (12-19 December).
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Differences in total toxin per cell of about one order of magnitude were observed during
the study period both in picked cells and in plankton concentrate samples. Nevertheless, if the
amount of each toxin is considered, differences are much larger in plankton concentrates than in
picked cells.
Table 2 shows available information toxin content per cell of D. acuta estimated from
picked cells and from plankton concentrates in Galicia and in other parts of the world. Maximum
values of cell toxin quota for OA, DTX2 and PTX2 in picked cells were 10-30% lower than
previous reports from the Rías Baixas (Fernández et al. 2001, Fernández et al. 2006), but
similar (OA and PTX2) to estimates reported from Norway (Miles et al. 2004). Overall, cell-
toxin quota estimates of Galician strains of D. acuta, either from plankton concentrates or from
picked cells, are lower than those from Ireland and New Zealand. OA-D8 results from this
study are not compared with those reported in the literature because estimates were obtained
with an OA standard.
The main striking observation from results presented here is that although both sets of data
peaked at the same time on 21 November, toxin per cell estimates from plankton concentrates
where higher (up to 8 times), except in one occasion, than those from picked cells and presented
a second maxima in mid-December that was not detected on picked-cells analyses. These
Table 2. Summary of reported OA, DTX2, PTX2, OA esters and PTX11 cell toxin quota (pg cell-1) in D. acuta
by LC-MS or LC-FLD.
* Estimation as OA equivalents; + LC-MS; ++ LC-FLD; dc = daily cycle; sc = seasonal cycle. 1 Fernández-
Puente et al. (2004a); 2 Fernández-Puente et al. (2004b); 3 James et al. (1998), 4 Miles et al. (2004b), 5
Fernández et al. (2001), 6 Fernández et al. (2006), 7 James et al. (1999), 8 MacKenzie et al. (2002), 9 MacKenzie
et al. (2005), 10 Suzuki et al. (2004), 11 Vale (2004), 12 Pizarro et al. (2008).
 Cell toxin quota 
Location OA  DTX2  PTX2  OA esters PTX11  Total  Reference  
Picked cells        
Glandore (Ireland) 85 77 14   176 1 + 
Cork (Ireland) 7 11 7.2   25-189 2 + 
SW coastline (Ireland) 58 78    136 3 ++ 
Flodevigen Bay (Norway) 0.8-8.5  0.2-3.3   ---- 4 + 
Ría de Vigo (Spain) 6.3-33.1 4.4-22    11-55 5 ++ 
Ría de Pontevedra (Spain)   29.1-32.3   ---- 6 + 
Ría de Pontevedra (Spain) 0.7-9.4 0.9-6.6 0.3-3.3   2 -19 This work + 
        
Phytoplankton concentrates        
Cork (Ireland) 60 80    140 7 + 
Buller Bay (N. Zealand) 1.7  82 11.5 47 142.2 8 + 
Off Westport & Queen Charlotte (N. Zealand) 0.8-2.7 ND 2.5-107.5 ND-9.9 4.7-64.6 40-183 9 + 
Buller Bay (N. Zealand) 2-3  20-80  20-80 ---- 10 + 
Ría de Aveiro (Portugal) 15.6 10 48.4   74 11 + 
Ría de Vigo (Spain) 8.3 7.9 2.9   19.1 6 + 
Ría de Pontevedra (Spain) 0.4-2.4 0.3-1.6    ---- 6 ++ 
Ría de Pontevedra (Spain) (dc) 11-58 8-37 10-38 0.2-1.6*  34-134 12 + 
Ría Pontevedra (Spain) 13.0 h (GTM) (dc) 40 27 12    12 + 
Ría Pontevedra (Spain) (sc) 0.9-27 0.6-16 2.5-29 0.3-1.0*  9.2-72.6 This work + 
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results disagree with those obtained in earlier studies (Fernández et al. 2001, Fernández et al.
2006), where toxin per cell estimates from picked cells were higher that those from plankton
net-hauls. Differences between picked cells and plankton concentrates in this work have to be
explained by differences in accompanying species, especially heterotrophic dinoflagellates that
may have been feeding on Dinophysis spp. Another important toxin source to consider, especially
in the case of lipophilic toxins, is the fraction of released toxins that may be either adhered to
particulate matter and mucilage, or contained in cellular fragments from toxin-containing cells,
all these included in the plankton concentrates.
Another striking observation was that OA (2 and 23 pg cell-1) and PTX2 (2.5 and 29 pg
cell-1) estimates in plankton concentrates from 8 and 14 November were so different from
those (67 pg cell-1 of OA and 12 pg cell-1 of PTX2) obtained on 10 November during a daily
cycle of D. acuta (Pizarro et al. 2008), collected at the same time of the day but with a different
concentration system (vertical net hauls instead of pumping from a fixed depth). Runderget et
al. (2007) found that during recollection, cells of Dinophysis may loose in the water an important
proportion of their toxin content. It could well be that collection of cells with a quick vertical
net-haul preserves better the cellular toxin content, but also to consider is the fact that the 20 µm
mesh size of the plankton net, hauled from 20 m depth to the surface may have collected a very
different proportion of accompanying particulate-bound toxins that was not retained in the 40-
77 that was not retained in the 40-77 µm fraction used in this study.
Changes of toxin profile in picked cells of D. acuta and in plankton concentrates
Differences observed between the toxin profile of D. acuta in picked cells and plankton
concentrates (Fig. 5B, C) may be explained by changes in the accompanying species but these
differences seemed to be much larger when sampling was carried out following upwelling pulses
following major fall downwelling events (Fig. 9). Upwelling circulation-cells have been identified
as an important mechanism to introduce nutrients from regeneration processes within the organic
matter sedimented on the adjacent shelf into the rías (Fig. 3 in Fraga & Bakun 1993) (Fraga &
Bakun 1993). These circulation cells can also reintroduce live phytoplankton cells (Pitcher et
al. 1998) as well as detritus that were either exported in the outflowing surface water layer or
sedimented below convergence cells during downwelling.
In the Baltic Sea, Kuupo et al. (2006) concluded that DTX1 and PTX2 toxins contained
in copepod faecal pellets could be the major pathway of DSP toxins to the bottom sediments.
In contrast, Maneiro et al. (2002) reported that faecal pellets of copepods exposed to
Dinophysis blooms in the Galician Rías Baixas represented a small fraction of the sinking matter,
but lipophilic toxins, that may be abundanly excreted in mussels feces (Blanco et al. 1999) and
pseudo-feces (Bauder et al. 2001, Svensen et al. 2005) will be with no doubt a more important
pathway than copepods in these embayments with intensive raft-mussel cultivation. In any case,
the important fact is that lipophilic toxins have been reported linked to organic matter (i.e. dead
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cells, decaying and sedimenting organic matter) and not only to free swimming dinoflagellates.
Therefore, we suggest that in the Galician Rías, a region subject to intermittent upwelling episodes,
this toxin-bearing material may be re-suspended and transported through the water column by
upwelling pulses and other physical events (storms, tides, etc.) and in this way, lead to an
increase in the amount of particulate toxin available for the filter feeders. Figure 10 shows a
recent micrograph of plankton concentrates collected with the same system and at the same
station in Ría de Pontevedra, in late November 2007, and following an upwelling pulse when
the peak of Dinophysis populations was over. A large proportion of the concentrate was made
up by pellets that had phycoerythrin-like particles with orange autofluorescence, like the natural
autofluorescence of fhototropic species of Dinophysis.
In this study, the increase of PTX2 levels in plankton concentrates observed on 8 November
(Fig. 5 B) were probably due to the contribution of D. caudata and Protoperidinium spp. at
a time of relaxation (Fig. 9). Nevertheless, the high levels of PTX2 per cell observed in the
plankton concentrates until the end of November, the large differences in their PTX2:OA ratio
compared with that in picked cells of D. acuta, and the second maxima observed in toxin per
cell only in the plankton concentrates in mid December must be explained by the presence of
large amounts of toxin-bearing material different from the Dinophysis cells. Additionally,
differences in lability and in the transformation kinetics of OA and PTX2 may lead to a longer
persistence in the system of the latter. Nevertheless, results from this work show that in toxin
dynamic studies it is important to take into account toxins bound to organic matrices, apart from
those in Dinophysis cells, and their horizontal and vertical transport by hydrodynamic processes.
Seasonal variation in toxins released in the water column
Maximum amounts of toxins adsorbed by the resins, from 8 to 14 November, coincided
with the highest concentrations of D. acuta (Fig. 2A, Table 1). The amounts of okadaiates
adsorbed in situ at the three sampling depths were up to one order of magnitude higher than
those found in SPATT holders exposed for the same number of days to D. acuta blooms in
New Zealand (MacKenzie et al. 2004), and those of PTX2 were about the same. In that
week, values of adsorbed toxins at 3 m depth were 33% and 66% higher than those at 7 and 12
m respectively, and OA-D8 and PTX11-isomer were detected at 3 and 7 m depth but not at 12
m (Fig 6A). A cell-cycle study of the same population from 9 to November, revealed that D.
acuta cells appeared the whole day aggregated in the top 5 m (Pizarro et al. 2008). Further,
the toxin profile and ratios observed in the adsorbed resins were quite similar to those in picked
cells with the exception that the resins also contained PTX2SA. These results support the view
that toxins released from D. acuta cells were the main source of toxins adsorbed by the resins.
The large amounts of PTX2SA -a derivative of PTX2 not observed in cell extracts-
adsorbed by the resins during the whole study may come either from transformations of PTX2
mainly from dead cells or from shellfish (Miles et al. 2004) or from excretions of other planktonic
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Figure 10. Micrographs of a plankton concentrate, rich in organic matter, collected at station P2 on late
November 2007 after an upwelling event. (A) Differential Interference contrast; (B) The same image under
epifluorescence (450-490 nm excitation, 520 nm long pass) and (C) Epifluorescence using a filter specific to
observe autofluorescence of phycoerythrin-like pigments.
 A 
B 
C 
40 µm 
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organisms. In this line, the potential of toxins retained in dead cells of Dinophysis and detritus to
extend the occurrence of DSP toxins in the water column after Dinophysis spp. blooms have
ceased, was suggested by (Klöpper et al. 2003) in the Baltic Sea.
Fig. 8 show important differences in the amount of adsorbed toxins depending on the
geometry of the resin-holders. Maximum adsorption was obtained in the disc-shaped supports.
Therefore, designs with the maximum surface/volume ratio should be used.
CONCLUSIONS
A 10-fold variation was observed in cell-toxin quota during the study period that appears
associated with variability in cell size, and with the period of exponential decline and lack of
division of the D. acuta population. The ratio between OA and DTX2, the dominant toxins in
D. acuta, was fairly constant in picked cell analyses, with a few exceptions that may correspond
to physiological transitions. Nevertheless, relations between okadaiates and PTX2 were rather
variable.
There were conspicuous differences in toxin per cell estimates between plankton
concentrates (3 fold with okadaiates, 9-fold with pectenotoxins) and picked cells that must be
adscribed to accompanying phytoplankton species and other particle-bound toxins. Although
analyses of picked-cells of Dinophysis is essential to determine the contribution of each species
to a toxic outbreak, the total toxin available in particulate form is the most important parameter
if the objective is to model the uptake and detoxification kinetics in mussels exposed to lipophilic
toxins.
The presence of lipophilic toxins in seawater detected by the SPATT resins weeks after
the practical disappearance of Dinophysis spp. indicates that these toxins may take a long time
to be degraded, especially in coastal areas rich in organic matter. Further studies are needed to
know the interactions between lipophilic toxins released in the water and the particulate matter,
as well as local hydrodynamic processes that influence sediments and water column fluxes of
toxins.
Appropriate comparison of results obtained with strains of Dinophysis from different
locations is only possible if similar methods for the collection of samples, extraction of toxins
and adsorption of released toxins were used.
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